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AFTER NOW_ WHAT TH]_ IN SPAC_

By

A •

Ratlonal Aeronautics and Space ,_Imlnlstratlon

It is i_teed a pleasure and an honor to have the opport,mity to give

the introductory lecture to this conference on artificial satellites. The '_

Z_
subject of the conference is a matter of very active concern in t_ay:s _ •

world, and ¢onfer_nce_ such as this play an i_port_nt role in speedily _

d_saemlnatin_ the many scientific and technological results stemming from ;_

the spcce program. Such is the breadth and pace of the space effo,c that _

= space symposia are r_narkably, indeed sometimes a_azlngly, replete with

new a_d exciting results, It needs but a glance a_ the program for _he

present ccnfer_c_ to arouse great expectations for the next few days.

In compos!n_ an introductory lecture, ther_ is aiwsys the task of

decidi_S what the lecture i_ to do. One can take the traditional approach

of reviewing in perspective the broad area to be covered in detail by the _. o

s_eakers to follow. Such an introdv_tor'/ lecture serves a useful purpose _

of orienting_the audience toward the general subject, and of setting the /_

stage for the ensuin_ papers. However, the use of s_tellites for explor- 'i_._

ation, scientific investigate.on, and applications_ altbou_h still de_ervin S _

of the name **new" is no lon_er an unf_liar subject. I_ is not likely, _

therefore, that this audience needs, or would care to endure, such an cri- ' "

enta_ionlecture. ;_
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%t _uld appear more useful to attempt to set the stage for tile later

_ talks in a somewhat different fashion. Recognizing that the general subject

is a famillar one, and that the individual speakers _rill through their spe-

cific papers illustrate far better the character of current activity in space

, than can be done in any o"her way, it wo_ld seom usef_l to take a lock ._t

-.dcere_11 that turret ac,lvi _= is tak__n_ us. If used wisely, to g_in pf..z-

spectiv¢, such a look into the future can provide helpful guidance for our"

conduct of the present.
i

I propose to ask simply the question, "W_.at_s next in space?" and to

attL_pt to seazch ouc some posslble answers. Before proceeding, however,,,

please pc_mlt me a word of caution. Many o_ the t=@ics touched upov wtU

be in the nature of future possibili-ties, not presemt plans for f_tu:-e pro-

jects or programs, Dec_ slons will have to be made in _he future to select

from among the abundance of choices.

_ly premise, then, is that, you are all more or less _liar with what

is now under way in the space program. You are aware that scientlfi_ invest-

igst._.o._saze being made with sounding rockets, satellites, and deep-space

• probe_" to explore the earth, i_s atmosphere , ar.d outer space. _ou know thaC

practice1 app]icaticns of space knowledge and technology, for ex.-mple, metsor-

• ological and communications satellltes, are under development.

The entire world is conscious of the man-in-space program, and you, Z am

sure, are aware of the fact that the p_imary o_jec_ive of such a program is to

develop the capability of _an to operate and do things in sp_ce_ and that the

means by _Ich this is te be accomplished is to send men to the moon, .

i You at, '_,als_ a_are of the fact that the Department of D_fense is working
0

_. on applications of space to developing and maintaining our military strength,

.J,
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that we may never be found wanting in any capability required to maintain

out freeio= and our safety. Also, many of you are conscious of the fact

that this broad ac_;ivity in space is undergirded by a program of advanced

research in fundamental science and __echnology, carried out Loth in the

National Aeronautics and Space _zlministration and by the Department of

Defen_e, to enwdre our ccntiauing c_-pp.bi!ityto move forward along the

most promising avenues of exploration, science, and application.

The outcome of this broad program which occupies the early years of

the space age, will be of far reaching consequevces-_for our r.ountry and
@

for the world. From the scientific and technological cesearch will come

pr__cious additions _o our stockpile of kncwiedse. As the fountainhead of

those tecPmical add engineering marvels that fill the scene today, such

knowledge is ri_h_ly catered i_ today's _rld. _anong those technical and

engineering umrvels are space applications, both civilia_ and military, the

significance of _,ich can be immediately appreciated.

All of these are very important and valuable outcomes of our investment

in snace. But more important, far more important, is another outcome.

THE SIC,&FICANCE OF THE PRES_qT FOR THE FUTURE IN SPACE

_It of this broad activity in space will come the ability Of the United

States to use space _.nd to operate in space either as it may Choose to do

voluntarily or may find i_self compellpJ/ to operate in its own defense. The

development of our ability to operate Ln space, including manned space flight,

gives to our country another dimension in which to meet the challenges--both

opportunities sad threats--of the future. We can do engineering in space,

advance our scic_nce in a way that cannot be accomplished at the surface of

the earth, and exten_ the range of practical applications for the benefit of
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_. man. And. if u=cessary, we can thwart the attics of any enemy to use space

• __._/ against UB,

_-
_,._: In this day _ age we cannot afford to ignore this last pnint. In our

_' own self interest, and for the safety of our count ry, we cannot permit others

' _ to develop space capablllcle_ that we cannot match, and that may therefore

:i be used disastrously against us.

:- This is a capaoility we must hw_e to _nsure ou_ survival in the space age

as the indspende_, self-determining nation chat our forefathers set us up to

be, and that we have always insisted on being.

_" Thi_ £s the capability that we shall h_ve from the development of the
ability to investigate _cientifically with satellitee and space probes, from

space applications, frc_m the ability to pet-gox_ mnmed space flight and manned

space operations, from the vast complex _f mmnufacturing end assembly plsuts,

, launc, h_tn_ compl-_xes, tracking and telemetering facilities, end from the inval- _

,_aSle _xperience that this initiat stage in the space program will _lve us, "

This is the most _i_nifica_t point about the present era in space. This

is the most important aspect of the present activity in s_ace.

' We are now laying the. grou_.dwork for whatever-role we may have to play in

space in the future. We are ensuring that no one will ever be in a position to

• usa.space against us while we, helpless and frustrated through lack of the

ne_esrary space capability, have to take what comes.

, In e_aluating _he space program, one must never lose sight of this broad

s_pect_ It is this that gives the effort its urgency, and its compelling nature.

, The sum total of science, application, technology, manued fliE.ht through space,

, _. , training of maupo_er, development, Construction and operatio_ of fac_lities, the

.at'rengthening of our military positiou in the world--which add up to o'er ability

" k.,
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to choose our own destiny £u space as we have done on earth--that gives to

the space progzsm its great value and Importance to our totat well being.

Those who argue that we should dispense with the frills of science _Ld

space exploration, and concentrate on the necessities of military d_velop-

ment, forget that we can't reatly sa> what the military necessi=ies in space

will be. Our crystal bali is not Lhat 8ood, _._dit wcu!d be foo!bar_dyto

pretend that it is. We do not wish to develop a R_ginot line in space, only

to have it flanked by forces of greater flexibility. We need to develop in

a broad way our space capability so t.hatwe shall have the ability-to move

in any direction required by future events to meet any threats along whatever _

lines they may develop.

To do otherwfse would be like the per_n who decides to learu to play the -_ •

plano, but eschews practice of the fundamentals, and go.es directly to learning

some difficult piece that he likes. Not only rill he have unnecessary d£ffic-

! •
ulties in learning the composition, but oi_cehe has learned it that-will be ,{

all he can play. In contrast, the individual who goes st fur_mentals flrst

will, in due time, be able to play in stride not only that piece but also all ._

others of comparable difficulty. _

Those who single Out any one aspect of the sp_ce effort and say that that _ ,

alone is not _orth the required expenditures in money, materials, end manpower,

may well be right. Nevertheless, it would not follow that the space program,

or even that s_ngte aspect, should be junked. For, to _epeat, it is the great

breadth of the program_ its contrlbutlou to so many aopects of our" sclentiflc

and technologfcal strength_ in other words, the totality of the sp__ce effort,
4! .

that is so important to us both tn the present and for our future. }

0
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Now, havlng first looked at the future In the broad general terms of the

• significance of present space activities, )et 6s consider future possibilities

i.n a more specific way, With your permission, I shall confive the discussion to

space science. Indeed, one of the principal products of our devel,>ping ability

to h_udle ourselves iu space is new and exciting scientific knowledge about spacc_t

PLANERS

_&rtificial satellites have given much information about the gk'avitatlonal

t propertles of the earth, by enabling the scientist to determine with consider-

able precision the value of higher harmonics in the earth's gravitatioual

potential. From tbcje, further important information has been deduced about

the internal structure of the earth. It is very easy to predict more of the

s_me, the further studies of satellites wlll give further infon_,=_ion about the

solid earth and its gravity properties.

But the exciting future, of this technique .may well be t,n the study of otl.er
t

bodies of the solar system. The moon is partlcularly attractive as our nearest

neighbor in space,-as a triaxial body for which there is considerable uncertain-

ty about the distribution of _atter wlt'big its volumeo Satellites orbiting about

the moon will afford the lunar geodesist with a rich harvest of, information that

he is not llkely to _btaln in any other way.

' Then, in the more distan_ future, there are the other planets. Satellite_

about them will yield details that will never be obtainable from purely earth°

__ based observations. An intriguing problem is dfforded by the fact that the

apparent oblateness of Mars as observed optically differs markedly from the

oblateness as determined from mechanical considerations. One may expect still

' other interesting gravitational problems to turn up as satellites are employed

to investigate the planets. ,
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When instrumented capsules, or obser_-atories, can be lauded on the planets,

g._physical exploration of them can begin--to be consunlmated perhaps by the land-

ing of humar_ explorers in the course of time. Experience on our own earth, plus
0

experience gained from both manned and unmara,ed exl_loration of the moon, will

contribute to the success of later planetary ventures. The exploration of the

moon, of course, i_ b_'ought to focus in the Apollo Pro_ect.

PLANETARY ATMOSPHERES
i

Knowledge about the _arth's atmosphere has been tremendously extended by

means of sounding rockets and sclentlflC sate1!ite_:, including the TIROS meteor-

ological satellite. Spatial and temporal variations in pressure, density, tem-

perature, composition, _otions, ionization, radiations, energy influx and efflux,

have all been measured t7 means of rocket techniques. Here again, it is easy to

predict that continued studies of the earth's atmosphere will continue to produce

important end sometimes surprising results.

But the new harvest in the Study of planetary atmospheres will come from the

application to the other planets of techniques that have been so well de'Jeloped

for eaL-th. Already some h_.ginnlugs have been made in the case of Venus. Mariner

II measured surface and cloud top temperatures, which have also been measured in

part from the ground. In addition, some indication _ temperatore variations

across the planetary disc were obtained. But almost the full task _mains yet

to be done. What are the clouds of Venus? What is the composition of her atmos-

phere? What are the spatial and temporal _ariattons of atuuaspheric parameters

throughout the Venus atmosphere?

What will cou_arative studies of the Venus a._osphere with that of the
p

earth show about their origlus _ad evolution? What about the Venus ionosphere,

and auroral and airflow activity? £t has been suggested by _ _amber of people

e • i
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that the blstatic radar tech;_ique offers much pro_ise in the study o_ Venus.

That is, with an illuminating radio antenna on the earth and a receiver in the

satellite about the planet, considerable information can be obtained about the

planet', atmosphere, and especially its iOn_sphereo

' As the most likely planer, to harbor extraserrestrial life, Mars' atmos-

phere is of especial interest A_ in the case ef Ven:,s. the composition of

the atmosphere is qn important question to resolve. The white caps observed

t on the poles are presumed to be very thin layers of frost. If this assumption
4

t is correct, then there is water on Mars. The question then ari,_s as to how

i! much water exists in the atmosphere. Measurements made from the vicinity of
?

earth still leave much to be desired, and there are those who flatly contest

_ the validity of any of the answers given so far. The correct answer most likely

will come from balloon observations in the yearz immediately ahead.

A haze that inhibits obse'.-vacion of Mars at the blue end of the spectrum i_
%

_: generally present. Occasionally this haze lifts briefly in what is referred to
C

_: as the "blue clearing." What causes this haze is certainly intrJguing, and may

be important, in the study of the red planet.

Again, a comparison of the Mars atmosphere with those of Venus and the

_ Earth should be valuable in studying the origin and evolution of planetary

" _ atmospheres.

_: In the more distant future o£ the space l>rogr_m there lles the possibility

• _ of investigating the major planets, such as Jupiter and Saturn. Jupiter I_ likely

,:_ to be the first to receive atttmtion, because it is the nearest. But it is also

_ probably the most interesting. Totally unlike Venus, Earth, an_ Mars, Jupiter
;L

, !_ consists largely of hydrogen, helium, ammonia, and methane. Temperatures below

the outer atmosphere are presumed to be very cold_ so that the main constituents,

!
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although normally gaseous, are solid, Yet some of the radiations fro_ the

Jupiter _mosphere which include thermal, lightning burst, and synchrotron

types, appear to ccrrespond to high temperatures of thousands or tens of

thousands of degrees.

The 8ource regions of these high te2_per_ture radiations doubtless lle

in the upper Jupiter atmosphere. What is the true nsture of these radiations?

How are they generated_ What is the energy source? Fmormous energies are

sometimes involved. It has beel. stated tha_ Jupiter is one of the strongest

sources of radio waves in the heavens, and that the intensity of the storms

which generate the rudiatiQn ara equivalent to the repeated explosion of a one

megaton hydrogen bomb every second, i_

A perennial source of interest and puzzlement is the gimtt red spot, va'_]- =

ing in size, but roughly 15 thousand kilometers across. What is its origin, :_i

the nature? ,!
,j

The very different nsture of the Jupiter atmosphere may well require quite :_i •

_ifferent techniques for study fro_ those used in investigating the Earth, Venus, _

and Mars. Even if the same techniques prove fruitful, the answers are certainly :_

going to be quite different. :

/

INT_PL_ ET _PACE :_

One of _he most exciting products of the early years of the space program

has been the investigation of the earth's magnetosphere and interplanetary space, _,',

Both have been found to be markedly influenced by solar actlvz_y, and a study of ::

¢,
them has necessarily required a thorough investigation of the emission of charged

particles and magnetic fields from the sun. With the app__azance of the satellite

and the deep-space probe the subject has virtualty exploded with new information :

and food for thought. You will hear about some of the e results from speakers to

follow. "

5
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We now know-that-_nterplmaetary spaces at least .Ln _he region b_'tween

Venus and i_ is filled _th a wind of pa_icle_ blc'_ir$ out_rd frc_ the

ram; with _erg_es characteristically- in the several h_ndred electron volt

The steady state value of the interplanetary mat_ _.tic field appears

:. : t_ be very lov, characteristically a few gmma. Solar a_-tivity constantly

- -- m_ifles _hi_ i_erp_neta_ medium, by injecting into.it hitchener_ Far-

_Lclea _Ad._:ma_etic tonsues, _hich disturbances iu the cas ,. of solar flares

-_-- -<_ cm a_ vast d_ensi£ns b_ore they dissipate. : :
A,= :,- { .... -

....-" -'_ : + +T_-S0la_-=_"win-d.j_£_t_sthe.earth's ma_uetlc field by cc_pressiuz it on

_:.-:_Lj_-_.--- the s:deto_azd the_d ext_din s it by. a:factor of two or more in the anCt-

"::-:-_-'!_'_-Io: :'- /-Ye_,.-In sp_,._-a£_hgm_y advances,that have been me_, _here is still

_:?_:?::::_:,_: a:.l_: ro_ _ c_avel .be£_reour imderst_md:ng of the Interp]._netary:_edlum

:::_,:-)J- _ ii ins _atiYaC_O_y s_ac, e, ,_For '_s fir into the future as we can now see the

_:-_'-' _ .; " ro_d ahead is..paved wl-_h rare @esciou,_ than answers. We h_ve _til! to pin .

•: do_, the dir_tionali_ of the Inte_lanetary field# and its spatial-and temporal
• ,;- .

_" "_" : ._a_, =with solar activity. --_en t t e question.awto c/

--_._-- , - bO_, -: y'sol-afparticle_ m_d _t_.l_s_i_ tnjec_ed lr_to the"

.-'_:_:'_-:'3- /_art-I__._"_C_ph,e'ce is uuresolV:_d+ Whet_ for example, is the role of hySro-

.:-_¢-__.--,._ _...---. -.. : -_,:_ _.

:-=:::.,:-.-_". ,_:._et£c _aves-in- t:hls_roces_ .....

J,_._:_:"_L'_._.--.",.": : -;.-WeE_ _yet _O,complete a _ur_ey o£ the magnetosphere, which clearly plays

"_,._:.:"_-'_'.n-._a fi_natln S ro'Ie_tu rue s_Iar terrestrial _e,at_,onuhip_. A study c_Z the tater-

:::_,_/_._':_ " r _-pl_tar_/_ce, '_n-the_cln.,_y-of _ earLh over a complete solar cycle is yet_

\

l{

_:.:_, ., ., _,. :, .. ,_;. • , ' .,

{
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the _n to investigate solar particles _nd fields in the vicinity of their

origin, where we _ay find clues as to how _hey acquire their great energies

and how they are ejected from the sun. Some theorists estimate that we must

come well within a solar radius of the surface of the sun to be__n to pry open

the secrets of the solar flare process.

Looking the other way, we may w.et_ ask where i_ the boundary between r.he

interplanetary and the interstellar _edla? Or indeed, is there Shy marked bound-

ary between the two? Perhaps the interplanetary medium merge8 into the inter-

stellar. _f there is such a bouud_y, is it within a few astronomical unite of

the s_n, or man> tens of astronomical units? How doec:_lts position vary through- ,

out the solar cycleT

And what about th_ other planets? _lat kind of magneXospheres do they. have?

Already we know, from Mariner .II, that Venue rmy have at most a weak maf_eto_oi_.•_.-

sphere, As a-consequence, the £ufiUence of the solar 'w_nd a_i Interplanetary

magaet£c shoc_ waves on the Venus atmosphere _st be quite different both
-,

quantitatively and qualitatively from their influence On_ the e&_th's atmosphere.

LIYE IN SPACE -:•

Certainly erie of the most exciting possibilities in space e_loration is : s

that Indigenous liie may be found th_ce. Mar_ £-s the most likely Candidate. _ e

Balloon observations in the_[nfrared :have detected e_ssiou bandscharacter- !

istic of *the _arbon-Nydrogen bond. Such emissions ma_, of course, _o'_e from

the non=living materials. On the ot_.er hand, they may Come from biolo_lcal i

molecules, _ich is a highly provocative t]iought.

The posstbtii-ty of finding life elsewhere in the solar syste_ is so ira- _,

portant I:o-the study Of biology that we must-be verdi CarefUL about _he course

Of our exploration of Mars, Steps _ be taken te pro_ect _ the planet £fom

A

I
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_::'_ uv.deslceble con_mnluatlon before we have be_n able to take advantage of the

_:_- oppoz_unlty to investigate any life that may exist there.

2_{ Should llfe be found on Hers, It t__ quite likely t be fundamentally

_ .... similar to the _. on earth. Nevertheless, it may be sufficlently different to
, ,_

_ provide, by comparison, extremely llluminating information about the tature of

_ physical llfe.

I

_: The study of the moon an_ planets might properly be included in the _ubjeet

of astronomy. So also might: be the study of cometu_ cometary atmospheres, aster-

oids, and other bodle_ of the solar System, Many of these Inve_stig_tions of an
%

astronomlcal natu're w_11 doubtless yield very exa!ting and far _eaehlng results.

I Nevertheless, the greatest astronomical event_ in. th_ future will probably come

from the £nvestisation of the sun and. stars in chose'_avele_gths that cannot be.

observe1 £_at the Ero_md.

I Yr,th sola_ _d -.acronomlcal satellite observatories are being construct_i
to take advantage of these exci_in_ opportunities: and as you will henr in the

* program of this conference, resuits have already been obtained from the first

uolar o_ servatory. :

These observatories a_ford man t,,e ability to _ake observations in ultra-

violet, X-ray, _ ray, infrare_ and r_dIo wavelengths that have h_therto

, been _n_cessible to the astronomer on the ground. Theory shows Chat _ome of

the most importent fundamental information on stars lies in these wavelengths.

For example, the Ereatest source-of i¢,formation on stellar birth and evolution

lies In the ultr_Violet por_,%on of the stellar spectrum. In this v_ry con-

nection, one _ay refer tO results of the Goddard Space Y_ight Center which

have shown that ultraviolet intensities of very hot starsobservot from sound-.

ing rockets depat't very greatly from _at had bee_ predicted,

• . ,. . , ,... '.._:._:,._...... .'_'._.,. ; ..

I
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B

CONTROLLED EXPERIMENTS IN SPACE

Although much of _e space science program involves observation of

natu_a!ly occurring space phenomena, nevertheless, there is now the possl-

bility for the scientist to perfor_ experiments on at least an interplau_.tary

scale• It is quite likely _h_t such experiments will become a significant
>

part of the space science program as the future unfolds.

Experiments to study the n_ture of gravitation and relativity m_st read.-

fly co_e to mind. A number of researchers are already thinking serlousl7 of _-

the pesslbilitles of using gravitational clccks, in _nh_:h the tlmekeeplng -.,_

element is a de_ise orbiting satellite_ to compare gravitational and nueleaz _ •

tlme, P_Id to search f_r long-term changes in the value of the [{ewtonlan gray- -_.

itat ional cqnstant. _ ,

By w_j of lecapltulat$on_ _.he most significant _esult of our current

activities in space will be the establishment of our capabilit _] to operate _

and function-in space, with such flexibility that we may determine crar own ),

de_tlny in space. This will permit u8 to select from a wide range of excltlng _._ :

possihilitie_ wh_.t we do next in space. /_ong these choices aze many that come

under the beNiN of space science. The investigation of the earth and its 2; ,

gravitational t-ield leads on naturally to the investigation of that of the i:_

moon and planets, The study of the earth's atmosphere lays the groundwot'k " _-"

-j

for lucre study of planetary atmospheres and for interc_risons among |:hem. _

The inve_tigation of the earth's magnetosphere, and interplanetary space

develops quite naturally in at _ast thre_ different ways. First_ one is le_

in toward the sun to the vicinity of its surface; _econd_y_ out from the sun _

_ -o

I
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toward the interstellar medium; &nd_ _hirdly, one is _,ed to the study of the

magnetospheres of other planets and their relationship to the _un and the

_nterplauet_ry medium. Life in spe_e -,_y prove to be one of the most im-

portant a_pects of space science philosophically, particularly if extra-
l

terre_,trial lift i_ discovered. A_or_ the most excit_.ng opportunities are

Close f._.d £n __,tronomy.: where the range o£ wavelengths accessible to ob-

servation is extended by the satellite to Ir, clude gamma rays, X-rays, ultra-

violet light, _lnfrared and radio waves that do not _each the earth's surface.

Ylnally, controlled experiments in space to shed further light on the fund-

amental nature of the universe are new possible, the results of which could

, co_elvably le_ to entirely new concepts.

' i

=
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VEI.,OCI'I_ DEPENDENCE AND SOURCE SPECTRA

OF SOLAR PROTON EVENTS

by

Frank B. McDonald

It has become clear from recent satellite measurements 1,2 that solar

j- $

protons can be transported from the sun to th_ earth in three distinct ways

addition to the direct Nay sometimes observed with cosmlc-ray monitors ,_in

at sea level J. We wish to describe these four modes of propagation and then

show how the velocity dependence of one of these modes makes it possible to

" e.er j j

j the _un. _ '

• We elaaslfv aolar particle events consisting of radiation with energy
_ 2
i

t above I Hey into four dist'Inct classes. The, distinction be_een the classes _,£_,

depends upon the ray in which the particles are trar_sported from the sun to ,_,

the region of the ,earth. The _irst two classes consist of particles that ,;.:i_,_._

•} arrive at the earth in a manner determined by Nrttcle velocity; the first ! ,:;,_

; class consists of _redominantl 3 higher-energy anisotropic particles that :,

arrive after nearly a direct transi: and the second class consiots of those

_: that arrive after a diffusive propa_atlon; the _hlrd class consists of those ,i;,_

that arrive in a manner determined by the _otiOn of enhaLced solar plasma; ,_'_'

the fourth c',ass conzi, sts of those that depend upon the rotation of the sun. _
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• Typical delays between the occurrence of a solar flare and the arrival at

the earth of particle_ in these four _lasses are different. The delay of

the first class event Is close to the rectilinear transit time for highly

relativistic particles and is therefore only a few minutes. The arrival-
&

time delay of the second class depends upon the rate at which particles

propagate through interplanetary space and so varies with energy up t_Ja

m-nber of hours. The typical delay for particles in the third class is

L
not a function of energy since particles of all energies arrive with the

enhanced solar plasma responsible for Forbush decreaees and geomagnetic

storms; it i= the transit time of solar plasma across one astronomical unit,

that is, about two days. The fourth class event takes place near the time

of central-meridian passage of a plage region responsible for a flare and

solar particle events of the o_her classes during the previous solar ro-

tation. Th_s fourth class is closely a_oclated with Iong-llved solar

streams. The delay between the parent flare and the arrival of _hese par-

ticles is not a function bf eTiergy since particles of all energy arrive with

the plasma stream. The delay depends upon the solar longitude of the parent

flare and may therefore be as long as one solar rotation, or 27 days. Figure

i shows the times of occurrence of events of the latter three classes seen
#

by Explorers XII and XIV during parts of 1961 and 1962. Fou- sequences Of

events at._ avlasnt. No events of the first class were seen with sea-level

monitors during these c_me intervals. Figure 2 shows the variation In•io-

tensity of Interplanetary protons of energy gra.acer than 3 Mev during a

r;

I
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sequence involving all the three clasa_,s of events seen. Euperimposed oll

the intensity decay of the velocity-ordE, red crept of 28 September is the

plasma-associated event of 3U September, followed in turn after 27 evcnt-

free days by a recurrent even_ en 27 October.

T.-_ _ .......= now" confine ^,,_ =t_'_ntion r_o sevelal velocity-ordered events ob-

serve l on Explorers Xll and X!V. We show how it has been possible in these

ev_nt_ to de_.er_vinc_parateiy the influence of the propagation medium and

the form of the energy spectr_ of particles released from the sun, that is,

the source spectrum. ._,ese deductions were made possible by the fact that

differential energy .measurements could be made outside the magnetosphere with

the quipment carried by these satellites.

A striking velocity dependence was shown by the solar proton event of

28 September 1961. Th%'_ is shown by Figures 3 add 4. Figure 3 shows in-

tens[ _ •_ vs. time profiles for various differential energy components. '_ne

abscissa is in unlt_ of hours from the time of the flare. Figure 4 shows

the behavior of the intensities of the sar;e differential components of the

event but th_ time plotted not as a function of time but as a function of •

distance travelled. The _istance travelled Ib simply the product of part..:le

velocity and time from the flare, The intensity cut-Jes of the various com-

ponents have been vertically scaled to giv _.the best fit to a common curve.

The physical meaning of this normalization will be examined furtber be.c_ ,

We note from Figure 4 that all components lie very closely on a common curve.

We may interpret Figure 4 as a measure of the probability that a particle

| B
!

i
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£rc_ the source characteristics because, for example, the medlum :ould be

changing as the particles are propagating through it. In face, some solar
6

events m_y thereby be combinations of events of our first three categories.

Although our observatioms indicate that solar proton intensities in some

cases depend very closely upon the first power of velocity, a choice between

velocity and rigidity dependence cannot be _de from these data alone. There

af\-_._idications from earlier emulsi_n measurements of solar proton and alpha ."

intensities4r_ however, that velocity depeL,dence is preferable°

We dlscuas now the physical meaning of the scaling factors used t=, con- *
7

struct Figure 4. Let us Consider the relative Inten#_Ity of two components

of the event. We ha_e _eeorded _he intensities not as a function of time _ : =

but as a functlon o£ distance tr,mvelled and fou._d that Ne r_t!O _f in- _. :

tenslties is essentlal[y constant over a range £rgm 2 astronomical units to i -

_ more than I00 a_tronomical uuits_ There is nothing to suggest that an _ f .

_ -.

extrapolation haok to zero 4tstance Is invalid; The ratio of the inten_slties

of two components at zero distance is, by definition; a measure _ the shape ",_ _, _

of the _ource s,pe_.C:rum.Figure 5 _hows the source spectru_ obtained directly

from the _aling factors used t9 produce Figure 4. The sourc_ s._tra of :_

t_#oother events,analyzed, in a similar way 'are also shown. _ ordinate _
2

"oz Figure 5 is arbitrarilY chosen to be the mp.xi_ intensity reached at

_he earth. "_*hedifferentlat intensities _hown are proportional to the ab-

solute differential lutensities of protons produced at the _un an ._retain, ,_ '

,.) ,

I
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therefore, the same spectral form_ but tc_e constant of ?roportionality

depends on the geometry of propagation, which is unknown. /,For example,

since simple diffusion theory fits this propagation cuL-ve through maximum

i_.ensity, the numerical solution it gives for the source intensity is of

the same sp_L_al forE• but _,,,_...._v.-.___"_^-_.....fnr d_ffuslon in an infinite,

isotropic s_here• and is probably not a meaningful one.)

We note from Figure 5 that the source spectra are commonly very well|

represented by power laws in kinetic energy. This fact prompts us to put
"2

forward the argument, based purely on aesthetic grounds, that the amount of

matter traversed by the solar protons after acceleraticn was less than the

range of 1 Mev proton• that is, about I milligram cm-2. It seems highly un-

lik_.ly that an excess production of lower-energy protons would so exactly com-

pensate their absorption in an _nnount of material greater than their range

f
such as to produce so simple a form of source spectrum.

An interesting feature of these-event_ is the existence of small-scale

deviations from a common curve. Superimposed on the generally Ve,locity-

' dependent Intensity-time profiles are fluctuations wl'Ich are nearly periodic:y

with the same frequency and phase over the st,tire energy range studied. These

• _ fluctuations are evld_nt in the vEi_city-ordered events discussed above, but

are more striking in the I0 September _961 event which showed no velocity

dependence and was no doubt influenced by greater interplanetary disorder.

_ Figure 6 shows plo_s of some s_ple intensities and indicates the periodic

:. fluctuatioe.s; In this eveRt the period _s about 1.5 hours; ia other eventq

e --

8
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t"

the period is slightly different. Since the transit-tiM di_perslon over

the er,ergy range studied is significant, the fact, that in any given event,

the fl_ctuations have the same_ period and are in phase at all energies show_

_hat their origir, is local. We st_ggest, therefore, that they reflect _he

_agr.etlc field structure in local interplanetary space, but we as yet have

no expianati_n for ch_i_ p_-'iodicity.

#
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I. h_ew Evidence for Lu_ig-]Ived Solar Streams in Interplanetary Space,

-_ D.A. Bryant, T. L. Cline, U. D. Desai and F. B. McDonald,
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John O'Keefe _

N_iona! Aeron_-tlcS and S_ace Administration _-

Since 1958 a _erie_ of m,,asur_ents has _een made oa the earth's }_

gravitatJo_i flel_ by the aid uf ,_rt-ficlal -mtellites. The earliest

pape_e lu these serle_ apart from the vez7 preliminary ."uuaouncem_nt by i_
- i

i 2

L. J_cchia in March of 1958, was the aearly simult-neous announcement __. "/_¢= _"

the Summex of "1958 of the eerth"_ flat_:ening 5y Diercks et. al., at Army

.Map_ Cornford i_ E_gT.ands an_ Buehar in Czechoslovakia. These announce- _

ments wer_ collected by,Newell au( Cormier (1960). _"oe work has been _ _. •

brought to fruition by the efforts of D. G. King-Hele in England (19_3), _ :

Kozai at the Smithso_ian Astrophysical Observatory (1962), and especially "_

by my coileague_ William Kaula (1963), _n _e Theoretical Division at the

Goddard Space F_ ight Center. On the first slide we see a presentation of

Kaula's results based on a spheroid with a flat:tening of 1/299.8.

The study of _he Implication_ of these no.w measur_ents besins with _-

the paper by my colieag_e_ So Wo Henrlksen at Ar_ Map. (Newell and Cormler,

1960) Henriksen s_,owed that if the observed v_lue of the f1_attening of the

earth is combined wlch the measurement of the luni..soIar _recessium then it

is possible to calcu._ate the polar moment of inertia of the earth_ From the

polar moment of inertia it !8 possible to calculate' t'hat vaL'_e of the flattening

whlcb the _earth would h.¢e if it were in hydrostatic _.quil_brlum, The pro-.
#,

tess is, in f_ct, rather iimple; the standard theorlea of the flattening
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r'__,_-_;, of the earth lead dirutly £roa the va_oe of the polar mo sent of inertia to

_#=:_f_._=:_:'::_: the last fifty years because _mtil _ec_mtly it wa, not possibl_ to determine

_-.,-=_;.... the polar _ot_at of inertia-in any satisfe.ctory observatioual nay. As a re-

_. suit, it wa_ cUStom= _" to make tim assumption, which until 1938 _as quite

_:.t:. sati;factorv., that she actual value of the flattening coincided with the-

..'_: _ value i" edlcted from hydrostatic theory, within the errors of observations,

this if .e use the l  -sola " prece.sio. ,e
_..e:_ find that the flattering of the ruth sh,_uld be 1/297.3. This value is _ften

_i incorrectly bpoken of as "the hyd::ostal.;ic ralue of the flatte_Ing. It _Id b_ "

such £f the earth were in hydro$tatxc equilibrium with the' observed value of

" _.i_v_:__- the luni~sola_ precession. The si'tua_ion is mi13_y a_alo_ous to b_istler_s

_ _ remark that tf silicon had been a gas. he would have been a majc.- general.

__ : In fact, the measured flattening of 1/298.24 meau_ that we are not in

z

hydrostatic, equilibrium and that the hydrostatic v_lue must be determined

directly _rom the polar moment of inertia. The latter is found observation-

ally from the measured vatc_ of the flattening and the obser_sd value of the

•_: precession. When this is done we find, as ltenriksen pointed out, valuesnear

'_' 1/300.0 and, in fact, a value of 1/299.8 .e_qs to be a close approximation.

- The calculation when made by Henriksen_s algorithm is not seriously dis-

turbed by the _act that the earth is not in hydrostatic equilibrium, The

failur_ of the oblateness of the earth to agree with its predicted value

by one part in 200 implies a-cha_ge in _he polar ,moment of inertia by only

:{ about one part in 100_000o Thus it ls entirel> consist_mt to calculate the

_i_!?i_,'_"__: hydrostatic va_ue to'four ei_nifi_aut figure_ ,_ven though _e must start from

an earth which is slightly out of hydrostatiC- equilibrium. _,

• _*r.
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We have come to our first _eophysical implic_tlon, n_anely, that the • _{._

equl_orium value of the earth's fi.ttening is near 1/299.8. _ _-_-_

Let us now exam/Be the meaning Of the d__pressions and rldses whic_, we '-_t_._' •

see on _he map which _rese_rs Kaulz's work.. The largest feature is clear- ; :_

ly lhe diIfer_c_ _t_c_ the setup] flattening and the hyarostatlc flattening. _ = :_

: The i_lications of this for the inner constlt-cion of the earth have been _ ;S_ .
2

• - - _-7_

studlei by Munk and M_cDonald who conclude that it i_ apparently due to a :

slowf.-gdown of a rotation of the earth. Recently_ direct evidence of the _°_C_

sl_w_ug down of the rotation has been obtained. !_

The lmint is that the less rapid rotation dew, reded a lesser _flatteningl but -

the earth has.not qut_.ekeptup _th-thls change. This implies that the earth •
. )

has sufficient internal _ch_nical strength to maintain a non-equilibrium fig- ./ •

_7
ure over a conslderable lev._t_hof tlme (so_e 50 miliicn years, accor_In_ to y

G. J. ¥. MacDonald (1960)). The only alternative to the idea that the eartlt. / =i

possesses the necesssFy mechanical strength is the hypoLh,_s_ that these

Irre_ularlties in _igure are supported somehow by convection currents. The

eonvectlon currf_t explanation is especially v.naeceptable for the second _ -

L-_rmonicbecaLse it would be ex_e_:ed or. genera! physical grounds that _

second har_ic convection current would be weaker than the corre_ponding : •o

third harmonic. _n fact, it would be vs.7 difficult _o. start convection -

curreuts correspouding to a second harmonic in the mantle because •of _helr

shallownecs as cO,_pared with their 8teat size. Other e_lauatious _y be _

offered for this second harmonic, but in a brief speec h of this kind it is i

not possible to develop them fully, i_

I "!_
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4

What can be said with assurance is that this harmonic is uo temporary

feature of the earth'S surface. -It corresponds to elevations and depress_.ons

of hundreds of ._eters in the sea level surface. Moreover, sluce the disturb-

)

:. antes of the terrain _hlch are required to produce a given alteration oY. the

sea level surface are larger by a factor of two or more than the cha_es of .

the sea level surface itself, it would require movements of many hundreds of

meteri_ in the le_nd surface to re,hove t_em. On t_be other hand, the most rapid

kno_,_ mcvements are at _he rate of abc ut ten:ce_t_metez_ per century. These

l _ are fa: from coordinated; hence the deformations which we are speaking of must

: have been in existence for hu_=dreds of thousands of years at least. They are

irreconcilable Ln _articu:l_r with the picture of plastic deformation which are

• present_ by He_skanen and Venin_, Me'Luesz (1958), p. 369. According to these :

authors a second harmonic defor_ation shmlld collap_,e in a thousand years.

Neither is J.t reasonable to think of these de'_ormations as resulting in

-. some way from the eolidificat£o_, of the earth frcm a l_quid body. _olidif-

icatlon _uuld pres_"_.ably have occurred in b spherically symmetrical way.

There might concelvably have been perturbations due to elllpticity but there

should not have been perturbations which depend on longltude. In some way cr

other these irregularltles must result from the at:ion of mechanical forces_.

_._, on the interiqr of the earth, and very-likely from forces acting after the

.
_ earth had formed its core, since the plasticity required for the formation

_ o_ the cor_ seems inconsistent _th the mechanical strength here involved.

_ If we trace the history of the earth-moon system backward in tlr.,ethen

°i'_ th_ laws cf celes¢ial mechanics tell us that the _on st_.ad#].yapproaches

_he earth,. At the s-m_ time the earth's rate of rotation becomes faster
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as we go back. We have suggested that the non-equilibrium value of the \ "_/

_ _lattening was-a survivor of the time when the earth rotated more rapidl>.

Can we go bask in imagination to a ._till more remote time and attempt- to

explain +.he c_-her hsrmonics?

It turns c_ut that if the earth once r_o_ved once in about 3 hours, it
?

tended to develop an elllpsoldal shape which nct only possessed a flattening

but for which, I_. addition, the equator wa_ _.t of round. Such a f_.gure is

spoken of as triax_al; three unequ_.l axes c_uld be constructed in the body.

Two of these would be in the plane of the equator while the third and short- -

est would be the'polar _is. This problem whs extensively" treat_ by._ny :

celestial mechanlcans from the time of Jacobi_ who d._scussed this curious
: L

behavior of a rotating fluid through Poincare, C. _. Darwin, Liapounov and _.t

in our time,- Lyttleton. ; ': "" -'_

,-_Darwin's time it was felt very diffi_uIE'_'_.:umderst_nd the origin of

the moon because he belie_'ed that the interactions in the. earth-moon system

would transfer a.ngular momentum from one booty to another but could no'. ex-

pe_t or impo:.-tangular momentum w_th respect to the system as a whole. There

are, it is true., solar tides but the action ofthese is much. mualler than -_
1

tha_ of a l_nar tide, Darwin (_398) calculated their effect and showed

ttmt it was u'.'terlyinsufficient to change the system as a whole. In _,ore

recent times_ however, it has been repeatedly pointed out that an_Jlar

momentum may be transferred by the interaction between the. gravitational

field of the earth and that of the s,,r'roundlngmedium or the plasma in the

surrounding medium. A some,_hat naive approach to the problem is presented

by R. H. Wilson (1956). Wilson wa3 arguing on the analogy of the retarding

i
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_-._. forces expected o4 the Vmtgusrd satellite by the earth's _Sn_tic field.

_ He forgot that in s large solid body llke the earth, curr,mts wiil be in-
_' d11ced which will p_-_wmt the magnetic field from penetratin s into the

_ i_tcerior o._ the earth. The proces_ is so_ethlng llke the skin effect in

_: which ra_Idly alternating currents are confined to the surface o£ a con-

,- _ d':_tor. The diurnal change of the ma_,et'ic field vhtch .would be produced
* i

by a conducting earth rotating in a planetary ma_etlc field i_ a slow

'_, alternation by hmun standards but _ very _ulck alternation by c_mparlson

_ with-the earth's self-inductlon. As a result the effect of an exterua_

gravitational field on the earth is much less than a ha&re theory would .

i e_gSest, It is p_obably ins_fflclent tO retard the earth seriously.
' _At a time when the earth wt_s mo_e distttrbed tha_ now, it is con-

ceivable that _he rotation _i_ht have been retarde_ by the _xpul_on of

plasma from the ionosphere. The plasma which i_ ejected thls w_y will

tend _o rotate wlth the sane an_lar velocity as the. earth as long as it

is in the earth's magnetic field. This Property of co-rotation means chat

/"_s _he plasn_ gets _-_rther from the earth it takes up a disproportionat,:

_._ _ amount of _he earth's angular _mentum. k_eu it is finally relea3ed it

• has_ sllgh_,_.Yrete.zded the earth's motion, Present day plnsmas in the

neighborho_! of c_ _arth are al)Faren_ly far too tenuous to have much

, , effect this ",_ay, One can calculate tha If this angular velocity were

_ • fed into the whole amount of the t_olar wind as it passed the earth fo_

_ four and a half billion years th,: _et effect on the angular momentum

_uld s_£11 be entirely negltgtb].e. 0_ the other hand in ancient times

both the sun's magnetic field am' the earth's _neLtc field and the
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plasmas may have been _ ve, y likely were much more substantial phenoaena
?

The q_estion is _Le _ Ich many physic£sts are now studying and I thi_k it _ -
I

is le&itiumta to hope that a solution _£Ii be found au_ for our. purposes to

put this problem aside. _,! °

A _st interesting questto_ which can be :asked at _his time point is i :i:

whaL tfi_ezed the s_sretion of the m_on gCoa the earth7 Since the _ , _ !_

has a density like the _tle of the earth it is logical todas_me_ that it 1_ i
se_rated from the earth after the formation off the earth's core. I'# this

possible? _ :.

There are several diff_fcultIe8 involved in the id_ of _he f£s_ion of

the earth. These, hive beet_ mo;t cl.rty b_ousht oot bY Ltttleton (1953). ' .

Lyttleton aimed _st Of his fire at• the no_e_...r_ _i i that double stazs could have :• /:

been produced =by the fission of single bodies. This idea is no longe r enter-

rained by anyone; we &il agzee that the stars are 8asecms in nature a_ th_.s r

in t urn imp!ies that rotational Breakup o£ stars wl, ll take place by the e- _ : •

Jeer=ion. of matter from the equator in a thin ring, rat_her than by division _into twobodies ,as Jeans (19!9) po£nted'out, Lytt_eton also po£nted out that ,_

divi_.iov into two nearly equal bodies i_ tr_ossible, at. least in the case of

homogeneous bodies, because the angular n_e_tum of. the reau!_Ing pai_ of ob-

Jects would exceed that of the initial ._te, This difficulty holds un,!ess the °

ratio of the masses cf th_ bodies Is more than _hree to one. The dif_culty

does not per'_ist however for much smaller bodies.

A third problem which Lyttleton saw arose from the fact that the angular !'

velocity ¢fr rotation of the single body £s greate_ th_n that of a _str of _

; bodies in the glosest possible proximity to each other; Ha concluded that i_ i '

}

f _ "3

i
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a _all bo_y should escape from the main _ne it would leave the who1_ system

perm6t_ently and would e_eepe to £nffln_.ty._owever_ between these two cxtr_les,

namely, the inflnite_[_al _It which escapes to infinity Prodthe_'_en di_£sion

_to _wo parts which ha_e._'tenough an_lar momentum to _ake a clear s_ara-

tlon, _e can reasonably exl_ect"_ghac there will be a place for'fission luto
%

two fragments whLch ,_rbitaboa_ _e -anothzr in the manner considered by DarWin.

In hls long study of this problem Jean'a [ _Inted out that t_e _l.ellag ca6_,

namely that of bodies which will break up by ehe ejection of a ring of _.*ter,

Is approached b._ bodies whose c_ .tral ma.'_s c_densatlon is very gre&t. That

ieas the Cendency_.Is to divide £neo t_o bc_les, This £s-los£cai': If a r_p£dly

, rotatlug planet sgou.ld re_cb the point where _a_t-of its "_phe_e. spi_1_d _t_

Into space_e_duldn't_eCe toseeieb_1 u1__nto:aeom_C ma_ _ o_T

makln8 llke m_i'_er planet; 5us If the _p£1ted _ter .p_rt_}is dms_ then Iti ieif

attre_=l.on w_ll be _trong and any lu_p w_,tCl_for_ c_ It Will aCtraet oth_

_at:ter and tenll to g.co_ antIl eventually Ig de_achel £t_If.

NOW the questi¢,nis, whether the c_ter part Of the earth £s sufflcie_tlyJ_

d,mse so that it would detach Itself _.sa lump or not? Jeans has 8Iven a
@

; _easure c_ thl= tendency in terms of the So-ca11_d _ots'trcpic_. Tt_e1
t

i,olytrop£c index_ n, is retated to _,he ratio of Specific heats (heat a_

' ,constant pressure _'Lvided by heat-at cmtstant volume) which would ex[_c in

an imaginary gas cc,nvecting _nd _aving the observed de,airy d_strib_ti_,. In

' _ct, n -_ . _or our purpoa,ea we ms)" say t_tt it is an a_bit_ury parameter

measuring the de_ee of central c'oudensacion. Jeans h_s demc,.tstrated that if

_S more than a%out '2,2,_ t.e. the 'polytrop_-_, index less than 0.8, the body

i

O_

I

] 965005879-064



III-+Q-

+ _ ' r,

+

_.II break up by fl.sslon into _.wo parts, but £.f it is g._eater than 2.2, ["

the body will break ur, by equatorial ejection of uiatTer,:- __at pol:ytroplc i

index should we '_.e for the earth?
L _ z

Perhaps the _st log*:cal way to calculate the polytropic index,, ghat

fs _h_ effective concentrat£ou to the center, _8 to calculate. _ the e_rth It

nent. of inertia and find out whr,t polytropic index would give the mo_,nt

of inert.is. _e ill,d, by n;:mecical integration', in Famden'_.tavle _hat _he

_w.nt of inert:s of e_e earth Corresponds to that of e. body. whcse poly- ,,_-. ?

trople index is slightly less t h_ 0,5, It. follows t_at it, is or,,'the..mid,_ : • .:_:_"!" _'-

.t ....of the h_g_-eous-b_tes and Wi._l b._elk.u_.,If +._..,by _ISS_%0+_+.,¢%ei_+. -'- _:"..:"'+'":.?._

+ +..th:s pu£nt,d_e_ Nrt.be_....i_v_ io_.o / .+_+'"+:--.+ "+'":'.'..'c. ''++'"*"++;": - .. '

lp mma
the :_re will r_duce the _t _f- :nercta of che earth..?H__tvy _a_,ter_!,

• mOVU in toward the center ot the _rth as P+he ¢ore'i_f Corned' !ii_+ t dis- i _ kS'+ _'_ r+ _ vJ+:'X +

_ ++' + + , ' + + + , + + , 1+ , + ,+ " " r + _ 4 + 1:_ + +, ' + +++_"#:+

places light'ormterial outw+r+ so that +hm net ef:ect is + reduction an.+ ' :.++'...." +:+.'-- +. ++ , . +, , , • ,,.,_ ,+ - _ .6+

moment of Iner:ia. Since the ansu+.ar.... _+raentum ,W_ich is conserve@, _'mll, ' r+ "rlt*+ _" ":':5 ' . , : 5+"1 _1+" Yx : _'_'1

+

p..'oduct of the m_nt of laertl_ b)_:_e 'an_lar velocl, v, it foll_s +,t_ _. : ....+ ,+"

the'angular velocity must increase, an+ t_is o+ itself would Lend tc 4e- ,+._. ,,

s_bll:_e the ee-th, _,kin8 it liable to fis_lon, On the other h_nd, the >'+'.:"

mere conc+ntration of m_S io the crater assert_ a stabiliz._ +e+.._:per- ' ".+,:_. S'_'

tlc_l#rly a_inSt th;," £ocmatlon off a-J_obL elllp_old as we sa_ before. ,.+,
4

1

W_ich of these two t,emd,encies_£I'I.win out_

It turns o_t ._en. We celeu.lete ulio_..thl .re_u.lts ,,f Jem_s. f_r.._a e_h. . " " _ "
, -+ +

: _se _Jensity variu ac¢ordin8 to the law 0 = _o,k .':2" tha_ the ,*_,_th" _'l +II_. ,,

,+i + "+ ! , _,
+ + _,, +, ,

,, ,,- +,++ + +,,,+,+ _. ;, <'_," .,' . +_..
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__:2- fact destabilized by the fermazi(,n of,the core. F_.r this
reascn we _an

_ _ine :that the earrh.wa_ at first _ very t'ap_diy rotat'fng homogeneous

_2_. _- mass. In th_.a mass the ccol;ng which result_ _s the early radioact_vlt>"

d_ayed, permitted a _ep-a_tion o.C th__ £r_u from th( ston_ and hence the

_-: _or_ztlon _f the _or_. :Up to this po:ut the earth had been stable,, though

- . pei:hep_ on!y ":a_'_.t"_ _tabte, but _.£th th_ _.c=_._t_on,__: the core a Jacob£

%

'" : " e!l£p_Id was p_)i;aced which extended it=__l_ tnd eve_.tuaIly t_re apart to

| -

). : ._.- : :j._./_:_ustprio_ to the-dest.-uctlm; ot the 3acobl ellt;)soid the earth's mass

'_i i ---_--: ":-_ -wast l_IVe under_ae a redistribution i_-,.which _.'tions movedoutward-in pre-

._22:.:_<_- " :,_--_;--:?-i)a_a_c_ Nr-the split-ring off, _At. this time t,,e moment Of inertia o£ the

._ .- _ ....._.he p£_e_s- Is aimtlac-to _-_t._which is -us_k_,to..reduce the angul_arNeIoc£ty

___ _ of- a spi_ming _;atelltte by _eleaslng a portion o_ it. - _ a consequence..

?_-=i_ _ :- th.em_on, when rele_s-_d fre_ the-earth, may have been: tIavelltng with a

:. ::_ -- velocit_ le_s ilium the velocity _f e,scape a__d so may hav_ bce_ retained in

; -.:>_: -": - " _ At th£s.-Et_e che--_oo_ and the eacth each ra._s_d very latze tides in ',-'.he

-: :_.: " _-...-. @ther l_we_er_-as thp_ earth shr_k _c_ toward a less extended mar_ fts

./-""_c"._.. " : " -the moon's v_Ioci,ty of revolution col.ncidel, if at this tfme the _on was

" :-:._ - £a,Sn eccentric" orbit ,:then the moc_ ran ahead _f the tidal bulge on the

:, -i. ._:. -,the OuEer _ortion of its orbit near ._o_,ee, As a result., the moon was re-

'_ :/: ._ '.i-tardedr_ea_-'Pe_rl._ _ -e and. accelerated: near apo&ee. Dar_i_ has sho,._ that the
: ' .- _e_ult of _hesetwo a_tiot_s _s to dLminish_ the eccentricity of the moon's

_ 5: ' _

/

i
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o_bit. C_l;ta_ively, the argume,_: is -.'learenough. If the body is re_.rded

when near/ perigee, this-will tend to lower the apogee, as in th'_ f_.-_ili=_,a_

of a satelli_e in a decaying orbit. The acceleration at apogee on the other

hard _ends to increase _II of the orbit except the apogee portion, which =lear-

ly :donut change because _h_ action of a force is to cause a change of velocity

but __ot an instau_aneous change of position. Thus the apogee accel_ration Lends

to raise the p-.'rlgee _d the perigee retardation _o lower the apogee and _oth

t_ reduce the:-eccentr:l.city. The orbit thus becomes progressively a_>rv and more

._ound and _e_reat_ steadiiy from the earth_ _s Darwin pointed out long a_', .:

. owing to the lags produ_e_-by _Idai'frictlon. - There "is a crlti-cal distance i

beyond which the effe=t of tidal frictlo_ is to Increase ratt,er tha_ to de-

crease the eccentricity. Since the mo_ is well outslde=t_¢ dis_lce its

e_centrlc_y is now probably increasing and has been increasing fen a-long time.

A difficulty _hlch is ofte_ brought up against the fls_ion theory of the

oriRin of the moon is based On the conc_jt of the Roche limit. This concept / :_

assert_ _hat a satellite which has the temerity to venture within approximately

2 1/2 radii of the primary will be torn apart by tidal friction. Thisls true _:

for _ Very small _atellite, but for a larger one there is an influence of the

mutual gravitational attraction which serves to stabilize the situation. The

tides raised in the primary, especially if it is rotating rapidly, attract the

matter of the secondary-particle to%.'arda pa_'ticular longitude in the orbit

and in this way preser-4e it against the shear actions which would Otherwise

tear it apart. The msttex has been very carefull_ gone into by both Darwin _'

and Jeans; there can he no doubt that when the pri_aary and se_on_ar> co-

rotat_ it is possible for them to be very close without destruction of the

secondary.

i L
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In tr_cing the further hi_tory of the tv.)onwe .should note first the

" re_ark of Opik (1961) _hat the moon does not have regions in which the .:raters

are systematicall', distorted. It follows that the crust which we are now look-

ing at must have been formed after the moon reached what is substantially its

present distance. In fact, Opik says the pres_at surface of the moon was pro-

duced after the _oon had got to a uiscence of more than 30,000 kilometers from

the center of the earth. __

The remark is comforting since it indicates that some action perhaps of
l

a volcanic uature refashioned the moon's surface a_ter, it had _ot to a sub-

_- -stantial distance. _his agrees with the indications that we get from the

hypothesis that tektites ate from the moon. If this idea is right, t_ere

have been ]_z&e eruptions of ._ica_ic materials during the last few hundred

mll,ion years. The tektites indicate that the moon's surface which we now

see is not at all a primeval surface.

May I close by saying that these remarks c_not claim to be an established

• theory. They may, however, serve to iliuminate paths along which further re-

search can profitably be conducted,

P
_g
.?

11
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THE EAI_H' S ATMOSPHERE - DENSITY

by

, D. Go K_ng--Hele

- Royal Aircraft Establishment

• t

/"Su_gry '..-,_ :_
¢

After an introductory _eview of _he entir_ af.mosphere, this

paper discusses air density 'and its varlatlons at heights of 200-

2000 k_, as revealed by analysis of sate!lii:e,orblts and by other.

methods. The atmospheric density at these belghts varies greatly

ic response to solar actlvity: at 600 km height the density de-

cr,msed by a factor of 30 between 1958 (sunspot maximum) and 1962

(.-earmlni_um), Density also varles strongly between day and nlght,

the maximum daytime valve exceeding the minimum nighttime value by

a factor of up to lO at some heights. _
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'_:"'_,_._ .The atmosphere used to be looked upon as a thin shell of air

_-.._, clinging to the Earth on its JOurney through the 'perfect and ab-

_'_i solute blank' of interplanetary spac_j and it _as thought that

._:_/, artificial sa':eUi_es, if they ever became c_ality_ would move

'outside the atmosphere'. In fact, _he coming of satellites has

enormously eahanced the prestige and importance of the atmosphere,

by showing first that it extends out to 10 or 15 Earth radii, and

second that at its order boundary it is being battered by the hall

of charged particles which constitute the Sun's atmospheze. :

Thns_ instead of looking On the atmosphere as a thin and

trivial cc_ering of the Earth, we can rather regard the Earth as

a small nucleus in the vast volume of the_a_mospnete,

This island iu the ocean of the air,

to adapt a line of Shelley:_'s. And the a_mos_here*s continual strug-

gle against particles from the Sun at i_s outer boundary is a drama

i. which eu_ages our intexest, because it is a battle to shield us from

the lethal effects of solar particles; _heu the Sun breaches the

boundary, the atmosphere shows it has been wounded by putting on a

: display of the aurora (though not all auzorae are red._).

2s A aeneral p.icture ._f the atmosphere

Any attempt to draw a diagram of the entire atmosphere is per-

haps retb,_r foollsh, because it is bound to provoke dlsagreemen_;

nevertheless Fig, 1 ts ,such a diagr_m_ and it must be e_hasized
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that i'; r_oresents_ only the a-_erage conditions, i_r average solar 'r_,_

activity (_Junspot number _- 60), averaged between day and night, _

etc. Fig. ! should therefore be regarded mOre as a visual aid ii_

than an exact specification, i_

_t is best to consider first thc _ir temperature, shown towards ..,_

the left o_ Fig. 1, since the te_erature does give some i_dication

of the heights at _hich solar energy is sbsorbed_ On eliding from '_

sea level into-the troposphere, the temperature Galls fairly steadily

to about 210°K at a height of r_,ghly 10 kin, then re,sins nearly con- _

_
scant in the s_oephere, up _o a height of about '25 _u. Above='_b_:c ,,

comes a ride in temperatare Caused 1_$ Iy by ozon'e _sorbi_ sO_ '! _

ultra-violet light: the '_b_. t ,£' ozone" tS _ry a._ll - only about ._ _

one part In 100,000 'Of the atmosphere at these he_l_s- but Very _ -'

i_port_t ; for it not only det_-z_ines the a_r.t_Peratur_ but also

shields us f_o_ the har_ul solar ultra_viole_ radLatlon. So we glnd i_

the temperature rising to a _axlmum of about 280°K at a height _Of .i._

about 50 km. Then temperature falls_ because of heat loeb due to ' _.

long-wave radiation from molecules of ozone and eatb_ dioxide: _nd _ " _o

T 1
reaches a mtni_u_ of about 18001 _t a height of about $t_ k_, The

region from 25 to 80 _n is often but not always called the: _os_ere,

Above 80 k_ the temperature starts _ncreasing again and goes On I

• idoing so up to eb_ut-300 or 400 k_; above that the te_eratu._e is

i,_depende:_ of height up to the hei_lt _he_e it c_ases to be properly

definable somewhere betwee_ 1000 and ._000 kin, F_or average solar

activity, the temperature in th£s region, gro_ 300-400 k='upt_ards,

i
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is about lO00°K, as sbo:an in FIS_ 1; but at sunspot maximum_ temper-

ature can be as hfgh as 2000°K by day +rod at sunspot minLmum is

probably about 700°K by night.

The te_ninology for these regions is unsatisfacto_'y. The tex_

thermosphere is often used for heights from 80 Up to about 800 kin.

Above that, the mean free path of tl_e neutral molecules becomes so

large that they ought to be treated like ,t£ntature ballistic uLtssil_s,

and the term _sphere £s often ueed. _l'here are s£_', however that

t the term _ree is often reserved for the regfon of increasing "

tempe_eture_ up to about 300, or 400 km.)

In the. lower +th$_osphe'te the elect_-_ +density reaches two peat:S,

£!ret .in theE l_yer atabout _100 kra,_ and t.hen iu the Y regton_ which

in 'deytime +shows two maxi_m at heists of about 180 and. 300 _n. In

' radio p_rle_nce these p_rtieular regions used t_ be, called the

+ + s_' _a; 2but in gact the rroport!on of tons end electron_+, Is only about
; %+ -

I +n_f+_00 at 300 kw, _d goes on increasing above 300 kin,. The ,germ

Ionosphere £s prcbably best avoided eJ "_c'_r._hen diecuselng the

, atmosphere in general _ becau¢_ f_ _efer_ _o particular oou_n_,t$,

+ '. the io_ mad et_ctrons_ _ r_Oc to any partic.ular hetght-b_.
g

I :, AC heights of IO00-_OC _m the n_ucra! molecules ar_ _re numerous

i ,tl'kl,n the tons., Above 2O_q_ _., how evcr, the char_ed.part_cl_: #:+++_'+,adually+ ,

become dominant + a_ ,, aiu+e t_+_r behav_ou+ is governed pr+,_'_. _ ty by
t

the Earth*s marquette fiold-,aahe_ than the _re, yit_,_£_m.1 /,._':d, £t £s

useful to recognize a new ar_ _uter_st region 'gf the: _+-++++++,}'_here called

the _ _eat of the ch_'_._e'_+._rt_ci, e,,_ L_. _+;_'_ region have

' ordtmlry thermal _erg£es, but thet-e are al_o the_ :_+_es o__ ht_h-energy

_ '

+i cNars_d particles,, both nttural and artiIt;ial.

t
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_!. Thus we have _ grad_l decrease in molecular weight : the humeri-ca!

_alues depend on solar aetivity_ but _or the average cond't.Lons of

__; _ig. l,-molecular weight decreases from 29 at sea level, to 16 at
5

._': about 600 kin, tO about 4 a_ 1500 k_n and not much more tha_ [ at 3000

_,_. _ k_, thus couflrmlng the uaive plctu°re of the lighter gases :iting to

._ : _:. t_ _e_ter heights,

• -- Where lighter ga_es, circumfused on big.,

_- " - =- -.._P°_mthe v_t co, cave of exterior sky.
-- _: : .'=" ..

t :. -#_ E_a_mua Darwin'-pUt it, !75 years ago,

-. _ : Finally; on thp- le_-_ .-ide of Flg. I, there is the number of :

:.-:.... : _ = 1019_;- _. _-- " _olc_ules..pet-.CoCo,: 2,5x at sea level, decreaslng t_ abcut I0 I0

. .; ":

_,_ , -= _-._ -- at 2_ kin, .__, at '2000 l_, an__ 'perhaps about I0 in the Sun's atmosphere:

:- -- _- -:rove real Iv go_e ba¢l_ to--_he s_teeuth=_entury p_etu_e, whic_ in tur_

_:?_: = "_ - " _'_ _ _" " r:_'" " " ._.erlve_=fgo_A_stotlei _:The sl-xge_th-eent_ry plcture was ol - a 'spb_-r.e -

_"_ "-: : i_-" "- _ _.:- o£ Air-" round _e East.h,-which in its Upper rea'ches was very-",_o_ b_-_ause __-:_

= It:was in cbntac_ with the .'Sphere Of Fire' (or the Sun's a_._sph_re, as

..-.-'_ " - :-.. -we _,tg_t _c_ say).-_he_e sneient _peculattons have pro_t, more aceu_at_
.: _ thv_ the se.t_nc_. _f 40 years ago accor_[£ag to _.ch _:be uFper at_sp_be_e

, ,.._- _ : .:

_-- - _- _u very eold,-and au _as-bfank beyond.

2_" :J __ " " L- _ ./" _ ._ . L

_j: 3, Dete_m_natlon of_t'_r density C_o_ anal_i_ of ._at_llit_-ocblts

" . The _'est_of this ___r "_iIbe _i,x.ly eoncern-_d with air density

= on I tLi_ topt¢ ba_-_eo_e £romanalysls ef sa_el.l[te-orbits and the i_ethods

_s-:_-__"_ " _ ! :; :.o_ _Lil no_ be_rleflY.deScrlb_d,, -.: "

i
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A _ztellltcmoving in on elliptlc orbit suffers _he greatest

air drag when it comes nearest to the Earth, at perigee. Thus the

effect of &ir drag is to retard the satellite as-it pasees the region

of perigee. Consequently on t_e next revolutlon ic does not swing .

out so far on the opposite side=of the Earth: the apogee height is

reduced while the perigee height remains almost constant, and the -:

orbit contracts a_d becomes more nearly circular, as shown in Yig. 2.

The rate at which the orbit contracts, or the rate at which the $

orbital period T decreases, is therefore a measure of the air density
t

at heights near that of perigee: if the orbit, _ass, shape and size _-

of the satellite are known, a value for the alr density can be obtained=

It is assumed tha_ the d_ag D of a satellite moving with velOcityev c.m _ ,

be expressed as

D = g p v-scD ._
t

where p, is the density of the a_blent air, CD is a drag coeffleient, . .;_

w_ich may usually be taken 2 as 2.2 fo_ heights of 200-600 km_ m_d S _ '}:k

is the satellite's m_a= _Loss-seetional area perpendicular to the

direction of motion, It is customary to assume also _hae aensity "._ ;

varies with height y accordin_ to the equation ._

}p = pp exp { -I (y-yp)/g :_

*
.: The orbital period is the most convenient parameter to use, .,_ -

because it is e_si_y determined, Two naked-eye visual observations <L_
: s day apart carl give T co_re_t to i part _n _0,000_ and better 0bs_r- '_

rations 8ive correspoudin_ly better accuracy, " ,_,_

.
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where suffix p denotes values at perigee and H, a quantity which is

a _easure of the density gradient and is known as the 'density scale

height', is assamed to vary linearly with height. Under these as_rcp-

t_on£, for orbits with eccentricity e between about 0_02 and 0.2, the

' density 0A at a height %lip above perigee height can be expressed in
3

terms of T, the rate of change of T, by the equation

_ _A = " 5 _ - 2e +_ e - _ (l-fOe + )

% P
7

FSC Dt where 5 = /m, m is the mass of the satellite, F i._a factor (lying

_ between 0.9 and I.I) which allows for the rotation of the atmosphere 4,

and a is the semi maj'or axis. Formulae are also available 3"5 fo."other

: ranges of values of e, and an additional term can be added to take account

of the obla':eness of the a_-n_sphere6o The _-;reat advantage of this

equation is that is is very inser tlve to errora in the value chosen

' for H , which is not known e>:aetly- a 2,570error in li leads to an error
P P

of only about 1% in 0A.

Alternatively, though at the expense _f a much gre_ter amount of

computation, air density can be evaluated bY numerical integration of

f

_'_ the drag round the orbit, assumln_ some model atmosphere. Again, to

;_ minimiz_ the effects of errors i- the n_del, the value quoted for

: ii: should be at a height of _Hu above perige '.? .

: With the. aid ot these methods a compl,ete picture has now been ob-

/ rained of the density of the neutral atmosphere and its variations at

i:'!
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heights of 200-800 km, together with a good indication of the var_ _tions

at heights up to 2000 kin. Heights above 2000 km can be regarded p-imarily

as the realm of the charged particles and will not be discussed further

here.

4, T'._emain variations .In.upper-atmosphere density

The density of the atmosphere at heights above 200 kmhas proved to

be very strongly under solar control, in two quite distinct ways: first,

it responds to the presence or absence of solar radiation, the day-to- : !

night effect; seconds it responds to _olar activity, density (pnd temp-

erature) being greater when the Sun is more active. The day-tc-nlght !
,#

effect is best described first, because it is _)re regular and provides the

basic _xxlel on whieh%_ other variations are superposed.

4 1 Theday,toLnight effect 3

It is found that at heights of 200-800 km the density of the

atmosphere increases during the morning and reaches a fairly sharp

maximum at about 2 p.m. local time. It then declir_es fair]_y steadily

until _._dnlght, reaches a flat minimum between midnight and dawn, an_

begins its morning increase again. The effect is small at 200 _._nheight,

but becomes very large at greater heights.

This effect is shown uF part_cularIy well by the changes in the

orbital period of _ satellite_ because the perigee point is contir_ually

moving under the influence of the Earth's oblateness, and the clme it

t2kes to go from day to night and back again is usually between 2 months

and a year. This i.s long enough to give time for the e_f_ to declare j

i , ii

'! !

i
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"*-selfunmistakably• but not so lon_ thaZ we have to wait a lifetime

• :: to see it. _ig. 3 shows the orbital period of Explorer 1 (per._.gee

height 350 km) from February 1958 t.: January 1963. The cur__ is

marked 'day' when tbe perigee is in su',light and 'night' whea the
i

p_"igee is in darkness• and it is nppar.'rntthat in each day-to-night

cycle the slope becomes steeper after day dawns, reaches its ;tee_est

somewhat after noon and then becomes less steep as n!ght draws _n.

_\ Since 'I is proportional to these c.tmnges In sloreexactly _e_lectPA J

t

_i_ the changer in eir density.

_-_ At a height of 200 km this day-to-night change in density pTrcbably

_: does not ezceed _ IOTo, except when sunspot activity is near its mlniumm,

• marimum day-ti_e density

_ but at greater heights the "_actor f = m_n_ma-m nl-ght,time den'sity is :

sometimes as high as I0. Some typical results, f_r 1959 and 1962, are

: shown in rig. 4. When the Sun is active, as in 1959, the day-to-night

change only becomes important above 300 km: at 400 km, f = 1.6; at 600

km• f ffi5.5; and at 800 km, f = I0, C_ the other hand, when the Sun is

rather inactive, as in 1962, the day-to-night change becomes important

q at a lower altitude and its maxir_m amplitude declines, la 1962, f ffi

': 2.5 at k_n; at am, _-= 4; value, 5, is _ttained
300 400 the In_tximIJm £

• ._.%. at ebout 500 km, and f decreases to 4 _galn L" 650 km.

_ ::i= act ivity,: Fig. 4 incideatally also shows that the decrease _ _o_

_ betw_,,an1959 and 1962 brough __ a gr_at general decrease in density, both

by day and by night._.

i The day-to-r.ight changes in density have so far been described as

_ if they depended solely on the local time, which is merely the difference

* '_: in longitude between the Sun and the relevant point, This picture, thofigh

i
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convenient, is tz-ae only In-equatorial reg',ons, because the density _i

seems to depend primarily on the altitude of the Sun above the horizon,

rather than the local time. The regions of Increased density b.y lay ,2_

seem to show a roughly circular symmetry about a point cermred _:i_er- :_

ueath the Sun, or,-to be exact, u_derne_th a point about _ _.mrs or ,_

Ju east of the Sa_'_. position. The 8t,n_ a, it were_ _.ra_s up the :__

atmosphero into a bulge underneath_ so that the contours of constant _

density on the sunlit side are much hisser - aboat I00 km higher at a '_•

height of 400 km - than on the dark aide. For a _int at any given

latitude the daily variation in deusity does rise to a _aax/aau_ at 2 p.m. "_

local time; but the true ma_inmm - the peak of the daytime bul6e - is :i_

only reached at locations where the Sun is almost overhead. At hisher ._ •
latitudes only the upper slopes of the bulge, rather than its peak, --:_

are sa_. led. : ;_

further details of these variations in density may be found- in !i

ref_ 7 - 9, and their causes will be discussed in section 6. We now

go on to describe the other effects..i_.:

_. 4.2, The re.s_onse ..toso_ar activity . _
: Although the day-to-nlght changes in density are extremely large, i_

the changes iu re_por.se to solsr activity are even larger, and were

detected first. The early Sputnlks had perigee .heights near 200 km,

where the day-t'o-night effect w_s not important, but the rate of change

_f their orbital periods showed erratic fluctuetions which soon came to

bc correlated wlth solar activity.

i

I
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Fig. 5 shows the original results for Sputnik 2: the actual

• values of T fluctuate about the 'theoretical' curve, "ahich is based

on the assumption that the density is co_.stant from day to day. The

variation in density deduced from Sputnik 2 is shown in rig. 6 end

• compared with the sumcpot numbers: there is obviously some -.'esem-

blance between the two_ and one of the characteristic feature: of

solar control, the tendency towards a 27- or 28-day recurrence, is

also apparent.

_. _ _rom such beginnings have come a whole _eries of elegant com-

parisons between atmospheric densities and indices of solar activity,

I = in which the work of Dr. Jscchia O_ the Smlthsonian Astrophysical

£¢6servatory (refs 10-12) deserves a special mention.

. _._at index of solar activity should be used? Some property of

the Sun itself, such as sunspot numbers or solar flares, is possible;

but even better is an index which measures the effect of the Sun o_ thei

"' Earth. An index which has proved most useful in the sola£ radiation

energy on 10.7-cmwavelength, a¢ received a_ ground lev_l. This radia-

' tlon, since it penetrates the atmosphere, can have no direct effect on

the upper atmosphere; h_t ic i_ believed to ,,rovide a good indlca_on

• of the solar-ultra-vlolet radlatlon, which is absorbed in th_ _;pper

atmoqphere aLd provides a maJcr source of heating. The vsrJ.ation in

p ._ atmo_pherlc density often stlowse _a'tked rose.lance to the variat_'on

in the lO.7-cm radiatlon energy_ as we shall see shortly.

_.'_ The other u_eful index is the p].snetary geomagnetic index
P

(3_hourly) cr A (daily), which indicates the average degree of dls-
, P

_u_bance in the ground-level terrestrial magnetic field. Mo_t major

J
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variations in the magnetic field - the magnetic storms - result from

the i,_pact of streams of high-energy particles from the Sun on the

magnetosphere. Thus the geomagnetic index provides us with the best

i_dication of solar corpuscular streams encouutered by the Earth;

although _t is an imperfect index, it is moze likely to be correlated

with upper-atmosphere density than is, say, the record of solar _lares,

which are highly directional and my not influence the F_arth at a11.

In considering the response of the atmosphere to solar activity,

it is worth distinguishing three different tlme-scales. First, there

are the irregular day-to-day fluctuations, including as spuctacular

extmq_lee the o_caslons of large magnetlo storms. Second, .these fluc-

tuatlons, when. pl_tted out over a long period, often tend to show a
r

27-day recurrence, because the Sun rotates, relative to the Earth,

once every 27 days. Third, there is the slow vari&tion in the course ..

of the 10-year sunspot cycle. Considering the complex lty of the phe-

nomena, it is remarkable how well the various effects have been sorted

O_t.

A brilliant example is shown in Fig. 7, which 81ves. Jacchla's

results I0 on the air density as revealed by the orbits of 7 satellites
#

at the time of .the great magnetic disturbance of m/d-November 1950, At

all height_ from 200 to 1200 kin, there is a large transient increase in

density - it increases by a factor of 8 at 700 km beg_ht; and this in-

crease is e_mctly irl _,_son with the nuagnetic disturbance. All the i

s&teltites also reflect the second and smaller ma%netic diet_rbsnce two

days after the _in one..

| " r _ '
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_:_ The correlatlon is not always-as close as this/and an excellent

_: general plcture ts given by Fig. 8, which shows the rate of ch:_e of

!_. orbital period due to air drag 12 fo_ Explorer 9. Almost all the strong

. magnet._c disturbances, the peaks on the lower curve, are paralleled by

' _!i_ a corresponding peak on the upper curve. On the other hand, the upper

_i = curve LS also obviously undergoin$ varlations which have no connexion
with the magnetic Inde_. There are, for example, some strong 27-day

I _ relatedflUctuati°nSwithtowardslo.7.cmtheflux.rlgnt of the diagram: these a_e well eor-

_', _h-ts Is sho_ in F_g. 9, which _t_ch_tes some of the same data as

= Fig. 8_ and has be_ marked tO In_i_ Lh_ _ri_as features already

meritioned,

_i- To sum up, th_enslty of the upp-.ratmosphere shows s strong
- day-to-day correlation With the io.7-cm radiation and _lso with

geomagnetic disturbances; it is therefore probably Influenced both

"_ by ultra-viola: ragiation and by streams of partic!es from the _un.

, _!_ On a longer time-scale, the densAty shows a 27-day recurrence tend-

i£;__:, ency and exh£blts a _ow and massive change in the course of--the sun-

spo_ cycle, as _ig. 4 has already partially shown.

' Thus, c_btning the two types of solar control so far discussed,

' we have a pic_:ure of an Upper atmosphere which' is d_a_n up into a

"_:i_.: hump roughly underneath the Stm, avd also fluctuates bo_h on the d_y

• aud night _ide_ in response to solar activity. The_denstty and tern-

,. perature are higher when the Sun is above the horizon rather than

below, 'aud also hi_her whe_ the Sun is active rather than qulesceat.¢

4'
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4_3 t ,Th_,_-_nnual and _pj_ua!,, ya_f_ation_

The effects already discussed are extremely large, and can lead

to changes in density by a fac_=r of i0 or more. The two other effects i_

to be discussed now are m_lcbsmaller than this, but still qt_IteSub- _

stantlal, amounting to about + 20Z at 400 kin.

From the work of Paetzold and uthers13"15 it appears ,thatupper- _,_,

atmosphere _nsit_, undergoes a seml-ann_al variation with minim in-

January and July, and maxims in April and October. Cenerally, however, ,_

_he July minimum is deeper than the January one, and the October max- .i_

imum is higher than the April one. This would imply an annua_ vari_ion

superposed on _he semi-annual variatlon_ Faetzo!d's £1nd_n_.S on this ipoint are very clear, 14 as shown in Fig. I0, but oth_ Luvestigat,ors
', #

have not obtained such unequivoca_ results and the annual variation ,.

_.s still slightly colltroveraiai, :, : ,,.

The se_t-aunual effect,"whlch has also been noticed in geomagnetism, : ,,_

•_ is probably 'due to the fact that the Sun emits +_artlcles most st_ongl_

in _ome particular plane, probably near _he Sun's equator, which the

Earth would cross twice a year._ The annual effect could be partly due _ .

to the annual variation in the Earth's distance _rom the Sun (as a,

) result: of which the sola_ ,radiation received on Earth _s _bout 6_ le_s

in July than in January), or to the Earth's differing _o_ion with, re-

_t "_ _-h_ inters_.ellar medium__hreugh wh_h the whole solar system- _i

is _presumably_oving.

FI_o U shows the, ai_ density •at heights of 200-800 k_# ¢_i¢,ul|ted

fro_ the oboerved chants in the o_bigs of _ dLfferent- s_telll_U, 2over i

I'
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the greater part of a sunspot cycle fro_ 1958 (mmxlmum) to 1962

• (n_ar-mtnimmm). The curves shown are maximum daytime and _:ini_mm

nighttime values.

Several features of Fi 8. il are worth noth_.ng. The Figure in-

, dicntes that, on t._-,_<_._lgan average over a solar cycle, the density

dec_e_ases by a _actor of 10 aS height increases by about 130 km, for

he_'nts of 200-800 kn_, Fig. 11 also shows how the daytime density

:. decreased between 1958 and .!962, by a factor o£ 5 at 400 km and a

factor'of 30 at 600 kin. 'The change in the nighttime- density is

. _. senerelly rather smaller_ bu_ the _reatest possible variation between

= the dayti_ e density at _unspot maxins_m and the night.time density at' :

sunspot minimum is by a factor of mo_e than 100.

6. : @_ehanism of _.._ar con.tr_l

' '" it _'_'now well established that the temperature of the upper

atmosphere is virtually independent.of height at heights from 300-

400 km (tHe exact value depends On solar activity) up to the height

where temperature becomes a meani_gless concept (somewhere between

I000 _md 2000 Ira).

The temperature can be determi, _d ._cause it is closely relatedD

to the aiz density_ _he r_,e_e O£ the curves iu Fig, 11 bet_& pro-

portioual to temperature divided by mo'.eeular weight. Alternative.l.y,
f

a model of the upper atmosphere can be devised, such as NicoleC*e

dt_t_stv_-equilibrtum model, 16 in which density c_s _,s derived _r0m

temperature; temperature _an that be varied until the d,nteity _Sraes '

with the observed valuis. These meth_e _h_ that the temperature

_boee 3_0-A00 ha is 30-35% higher at the daytime maximum than at the

,L

,r

i
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7___.Cc_ei,n_luS ion

'filede" =i_y of the atmosphere at hez_hts of 200-1000km ha:, the

tollowiug charactai_stics. At a hefg/_" of 200 hn the density varies

c_-_mp_ra_.i,'e]y]iutle and never differs fro.. 4 _x 10"13 gr,Jc,e. b.-!e

factor of more than 2-. At greater heights the dens._ty is greater by
%

day t,ar. by night, [he factor of differenc_ incressin_, with height

until it reaches o_er I0 at 700 km when the Sun is active; when solar

actiw ty .[enear :n_himum, the factor uf dlfference d,-es not exr.eed 5,

but t_. dz),-to-r_ight effect becomes _n_portant at a lower height.

_he densit_ shows a r.lose corre[.ation with solar radiatien energy

and ge_mg_etic disturbances, and at heigh£s near oO0 _ can increase

for a few heurs by e factor o? up to 8 in severe mmgnetic _terms, It

also t=n4.s £o =Yhibi---the 27-day recurrence tendency chara.qteristic of

i .

solar ipfluence, and undergoe_ a large variation in the course of the

, !0-year sut,._potcycle, density at -,-unspotmaximum by day being over I00
r

times greater than at _.uospot miniraum by nighg, at heights of 500-700

-_ kin. _tJch smaller semi-annual and probably ann,'-a]variac_ors occur,

4
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THE _"TF.,OR POIq_IATION

by

1
Gerald S. Hawkins

Introduction

The earth is continually bombarded with objects from outer space, and

l by studying the material as it arrives at the earth we can gain an under-

standing of the nature of the objects in the earth's environment. These

objects cover a tremendous range of mass, from millior_s of tons to 10"16

gm, and their physical characteristics depend upon their masses. When the

mass can be measured in kilograms, the o_Ject is invariably a solid piece

of stone or iron, or stone and iron mixed. It is able to penetrate the

atmosphere of the earth completely and lend upon the surface. Aft_r re-

triev_l, the object is known as a meteori_e.

Between masses of approximately 10"12 gm and 102 _. the particles are

meteors that have been derived from the icy nucleus of a comet. _eteor

#

particles invariably disintegrate in the upper atmosphere and never reach

the surface of the earth intact. The population in the lower _Lss l_mit

(10"12 gm) is c_.posed of small particles that are decelerated without de-

structlon in the upper atmosphere. These are known as micrometeorites and

' it is possible to collect them with high altitude rockets, or retrieve them

as they float down to the surface of the earth.

, i
Boston University, Boston, Mass., SmithscnianAetrophysical Observatory

and liar_ard College observatory, Cambridge, Mass.
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The influx of objects into tbe earth's atmosphere is now fairly well

established for the entire meteor population. The results of various meas-

urements, given in Fig. !, show that the number of particles falling into

the earth's atmosphere increases with decreasing mass. It is also possible

now to draw a monotonic curve over t_.e entire range from m_crometeorltes to

meteorites. The charac[ehistics of the various Z:oups in the meteor popu-

lation are described

Meteorites

The statistics pertaining to the fall of meteorites is based at present

on an inhomogeneous set of data. More than 1,000 eye-witness accounts, mostly

non-professional, are svailab]e of the fall of a meteorite that later was re-

¥

cove, ed and whose mass was determined. S_eral analyses in which th_ vagaries

of che collection technique haws been partially allowed for _in_nger 1933,

Opik 1958, Hawkins 1959, 1960, 19_3a, and Brown I_60) have been made to de-

tel-mine the rate uf arrival of meteorites. A photographi= network is now

being constructed in the Prairie regions of the United States to obtain more

reliable statistics (McCrosky 19o3), but until fresh data are available we

must rely upon the meteorite catalogues.

Meteurites ar_ classified as stones or irons. The stones contain min- [

erals such as ollgine, pyroxene, plagioclase and troilite, and have an average

-3
density of 3.4 gm cm . Most _tones contah, chondrules, small spherulas about

i mm in diameter; they are usually n mixture of orthopyroxene and olivine.

The iro_ are largely metallic, being coarse crystals of an iron-nickel

ailoy. The percentage of nickel varieE from about 3 to 15, and the average

-3
dens[ty is 7.8 gm cm .
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_he crushing strength for stc_,e meteorites varies from 3._ x 106 gm

-2 104 -2cm to 6,3 x gm cm _ although one or two meteocites have crumbled at

values ,_omewhat lc_er than thi_. The average crushing strength for stone

"2

is approxlnmtely 3 x 6 gm cm , The crushing strevgth for an iron is con-

: siderably higher, although o(casionally an iron will break vp under moderate

stress because of ..........w_._._Dse_ in _he_._,._a.r___..___ betwpen Rdjoining crystals.•

It hag been shown (Hawkins 1963a) that the stone and the iron meteorites

differ in _heir mass distributions. The number N cf stones that fall on o_e

square kilometer of the earth's surface during the period of a year, with

! mass greater than or equ_l to m, is given by the relation

i

_. loglo N = -0.73 - lOglo m (i)

Ne_.e that N is a cumulatl.ve number that is o_ direct interest in the

5 problem of space hazards since it gives the total number of impacts of ob-

_ jects above • certain limiting size, Equation (I) glve,-,the influx as a

function of the mass "i._ space" of the meteorite; this mass will be con-

"_ siderably reduced by ablatior_ processes in the atmosphere. The number of

_! irons that impact is given by the relation

, _ loglo N = -3.51 - 0.7 loglo m (2)

_'_i It can be seen from these equations that the cumulative number of stony

'" -1 -0.7
' _ meteorites varies as m : _hareas the number of iron_ varies es m . This

fL

_1 represents a d_fference in the mass distribution of the objects, w_ich Is
._,,k

_' important for severol re_t_ons. Firstly, although the average-size_ meteorites

, &_ are usually stones_ _tze:mely large meteorites are u_ually _rons. At a mas_
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of i00 k_ the stones outnumber the irons in the zatio 20:1. _t a mass

of I0I0 kgm the Irons outnumber the stones by I0:i. Stones and irons occur

i_ equal numbers at a mass of about 106 Kgms, _hich forms a convenient point

at which to divide the two regimers of meteorites. Secondly, the _mss dis- !

tribution yields information concerning the origin of the meteorites.

Equation (I) is the same as the con_,inutionlaw obtained when terrestrial
l

rocks are subjected to grinding and crushing for a co_siderable length of

timc. Equatien (2) represent_ a moderate degree of crushing. This is ,._-

4 sistent with the hypothesis that meteorites are asteroidal fragmc-_tsformed

by collision processes in space and that the stone fragments have been crushed

to a greater degree than the irons, owing to the_.r low crushing strength

(Hawkins 1960), Thirdly, Equation (2) is consistent with the number of _ _,i
f

asteroids that cross the orbit of the earth, and we may conclude thQt c,b- _!

jects such as Eros_ Apollo and Amor are probably compos_ of iron. !
t

Cometary Meteor.._s "_

Although a fe_#stone and iron itagments with masses less than I00 gm ._

are undoubtedly present in the meteor population.,the bulk of _he mater_al

in this range is the solid debris ejected from the _cy nucleus of a comet. _

At least _0 per cent oi cometary meteors are sporadic; the orbital elements

form a smooth distribution and there are no discer,tble sub-sets. It is

therefore necessary to desc_•ibesporadlc meteor orbits on a s_atistical !.7

• basis. The flux cf sporadic meteors_ N km"'2year"I, is give_ as a function
,I

j
of the mass, m gin,by the relation: _

loglo N = +0.4t - 1,34 loglo m (3)
i

L
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The result h_ been obtaimed from a photographic survey (Hawkins and Upton

-, 1958)_ In the original determination the _ass of a r,eteor of a given bright-

mess was no= known with certainty and equation (3) _s based upon a revi_ed

scale in which the mass of a metecr wlth zero visual mmgnitude and a veioc-

-I
, ity of 30 km sec is 4.4 gm. There are still uncertaint£es in the mess

scale (Whipple 1963, L_zarus and K_wkins 1963), but equation (3) is probably
£

trustworthy to within a factor of 5. There are diurnal and seasonal variation_

_n the meteor flux which are of the same order of magni':ude as the uncertainty

in equation (3).

Apprexl_ately 50 per cent of the meteor flux eom_,.sfrom the major and

• "-_inorstr_uns, and must be a_Jded to the sporadic flux. Several of the major

" , streams, such as the Perselds ar_ Iaurids, are related to known comets. Other

streams are not easociated with a known comet, and presumably the parent comet

has disintegrated. The most important of these strenms are listed in T_ble I.

The flux from streams [s limited to a few days of maximum activity on certain

calendar dates.t,and during these period_ an extra co_povent, Ns, is added to

the fluz. If we define the stream acti_l,, i_, :erms of the sporadic rate

su,_, chat N = kN, then the factor K is tha_ given in Table. I.
s

TABT-_EI

Stream Flux

_re_-. D_ate__s k

= _Quadrant ida Jan 2-3 5.0

" : _ _ Lyrids Apt 20-,21 O, 5)

D'.y_Ime Arietid3 June 5-11 5.0

" Daytime _ F_r.s_.ids June 5-!1 4.0

:_ _ Aquaridr_ July 22 - Aug 7 2.0

"P_ _eids Aug " " __-_ 5.0

_. onlds Oct 20-24 2.0

, Ta. _ids Oct l0 - Nov 25 0.5
Geminld s '_ec i0-16 5.5

--. |

i
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St_im meteors, of course, _ve in al=_st parallel paths and , .lux giver

in Table i is for an area continually oriented in a direction pecpendicular

to the stream.

Photographic observatiens i_ave sho_m that cemetary ;,eteors are extremely

fragile. Meteors _ith an initial r,_ss of approxiwmtely I00 gm shed fragments

continually during the luminous trajectory in the ,_pper atmosphere (Jacchia

1955). At smaller sizes, at a mass of approxi_tei3_ 0.I gna (visual mmg_itude

+3), the meteor occasionally disintegrates _t the beginning of the luminous

traii _HcCrosky 1955). From the height at which disintegratio:, Lakes plac_

and from the velocity of the meteor, it is possible to calculate the dynamic

pressure exerted on the body. One meteor in three, in thi_ range, breakE

-2
up when the pressure exceeds I0 gm cm . This is a_ e_treme!y !_ _rushi_g

#

strength by =_rrestrial _tandard_, =ompar_ble t_ tb_t of cigar ash.

Whipple (1963) has disoussed the photographic observations made on

meteors with masses between the approxir0_te limits of 1 gm and I00 _m, and

3_ "3

with an average density close to 0.4 gm cm . From this low density and _

the low crushing strength it has been inferre _ that cometary meteors are ioose

aggregates of small particles forming an open or poreus structure. The solid

particles are presumed to be composed e£ minerals similar to those found in

stony meteorites, althouF,h no direct chemical anmlyses have been _o.adeso far

because the meteor msterial is too fragile to reach the surface of the emrth

in any large quantities. Spectrograms of brighter meteors show th_ presence of

• iron, calcium, sod[um_ silicon and other relatively abundant el_nent8. It ha_

, not yet been possible _o obtain spectrograms of me_ors fainter than a mag-

=, nitude _ O, correspor_ing to a mass cf 5 gm.
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Equations (2) and (3) and Figure 1 _how that the flux of cometary meteolra

_uals the f!ux ot meteorites _L a _ss ._f approximately 300 6m. The regime

of com eta_y meteors hgs baen defined b)" extending equation (3) from a mass of

-13
300 _ to a um,ss o4 l0 t_n. At first sight this exu_apolation might seem

unwarranted since the photo[_rephic observations do not extenl below a mass of

- ---=4_,t; _rom ra_r data at a mass ofI0 gm. However, since Lh_e _ _ ....._- _n

hO-4 _n, and since the excrapclation a&rees with the number of par'-icles

t collected by hlgb a]t_*_,-derollers at a mass of ]0-13 gm, this ex_;rapolatlon

is probably valid to perhaps an o_der of magl_i_.ude.

U_i,_g a Eix-s_ation radar s)'stem (Hawkins 1963b), Hawkins atld Sou_hworth

_ (1963) have studied the, influx rat'e c.-_iphysical charactarIEtlcs of meteors

fL close to the middle of the range of comer.a£y meteors. Preliminary measure-

: memos o_ the flux of metsvrs with mass greater than 4 x IO w _n yields the

value shows in Figure I. The det,,rmined vaiue is an erder of ma_nltude greater
t h,

:=" than the value expected from Equations (3) sad further work is required tc

_ investigate this discrepancy, l_wev,._',,considering the degree of the extra-

_ _ polation, the p, :nt _y be taken as a preliminary confirmation of Fi_ir_ [.

The small particles investigated by the radio technique clea_ly show the

hal effects of fragmentation. At the limit ¢f velocity measurements, 10-3 Era,

_ost o£ the meteors are observe_ as a closely tacked cloud _f many iz_dep_,_dent

_, fragments. The meteor has cotaJly disintegrated at or .before the onset of

ionization. B,e_ause :,f this ef_e_.t, the density of the meteor before breakup
< •

,%_ cannot be measur'_d. However, it is prasumed that the d2nsity in space is com-

:_" oarable _o the value of 0.4 gm cm as found for the larger objects obser,:_

, :_ in the photographic program.

_,_ "
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Definite changes appear in #.he orbits of sporadic rm_.teors_is one proceeds

from a mass of I gm to a mass of 10-3 gin. As one proceeds to smaller masses

the orbits snow smaller se=:i-maJor axes ar.d smaller eccentricities. This

effect is _parent from a detailed study of the _bital distributions as a

function of mass. The effect c_n als_ be shown statistically by com#,arlng

the average ooserved velocities of sporadic meteors as a function of nmss.

Figure 2 sho_ the average velocity o,-er a r._nge of visual magnitudes from

+6 to +9. There is a general decrease in veloclt_ amounting to approximately

-1
km sac over an interval of 3 m_gnttudes (Rawklns, Lindbl_td and South_rth,

i.C63a). A similar result has been obtained for meteors with radiants near

the Apex by Eshieman and Gallagher (1962), who fdund that between magnltudes

-1
oi +7 and +12 the average sporadic velocity decreased by 2 km sec . "2b.ls

#

_' .........,,._ -__= probably m'. underes_i_tR because Eshleman end Callagher did not

-1
d_.termine any values o_ velocity below 35 km sac . ::

Tbe_e autl_rs have suggested that at ._mass of approximately 10-4 _ _

"_he _o-c_lled sporadic background appears inst_ed to cons_._t of particles .."

concentrated into a very large n',_mber df shower orbits. Cb_tracteristlc •

dlmen._ions of these particle concentra_.ions must be very _nm11, by astro-

nomical standards, ._Ince the intersection Jf a group with the earth mmy

cake on the order o:_ one day or less. It is suggested that the earth racy

be ims,er_ed iu about: ten particle groups at one llme, It appe&rs that there

may be millions of such groups in the solar system ..," The_e conclusions

were based _pon an interpretation of the fluctuations in hourly rate reported

by a senslti_-e radar systc_n. They are not borne out by a detailed study of

the orbits of meteors in this size range. A comparison progr,_m has been carried

out on 2300 meteor orbits with ma©ses between lO"I ar_ I0"3 gin. (R_vkins, I

_'

t
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Lindb!ad, _d South'_*orth 1963b). Most of the streams found were _he well

known _enjor and role.orstreans previously discovered visually and photograph-

ically. There is no detailed structure within the sporadic orbits, qnd it

is therefore possible to describe th_ only in ter,.m__f broad statistics.

t

Approximately 30 per ce_t of sporadic meteor,,_at a mass of ]0-2 gm are

moving in orbits of iow ec:_entricity and high incliaa_[u, ..........._ ',J!11

• . e'

1960; Hawkins 1962). This is quite dlfterent from the alignment in the plane

of the soi_-r system found ir photogxaphic measurev.,ents. This second grouping

;z_s been provisionally call_M the "toroidal g*oup," _hich was probably formed

by the long-terr:,perturbations * ,,ro.a the planet Jupiter.

_ Mic" (:,met eor i t es

T,he decelerat*_otl of a meteor" in the atmosphere depends on the ratio ox

cross-sectlonal area to mass. Thus, the deceleration is inversely proportional

_o diameter, and sin611 objects undergo a severe deceleration, k_ip[le (1950)

and _pik (1937) have pointed out _hat a small object can de decelerated without

mel cing_ and arrive at the surface of tP.e earth intact. These objects are
.

• ap_ly termed micrometeorites, mid their recovery at ground level and in the

upper atmosphere is of great interest,

Whipple (1950) ass_tmed that the enet'gy generated by passage through the

upper atmosphere is q<_i:kly conducted to the interior of the micrometeorite,

The object then reradi_-tes this energy as a gray-body in ,isothermal surround-

Ings., and will rea_ain aolid provided that the surface temperature does not rise

J above the .',telLingpoint of the material. The crit_,,.,lsize of a sol].d micro-

meteorite is given in Table 2 as a function of velocity and density of the

, object. If _he meteor melts, i._w_l] still escape destructi,otl if the temper-

!:

'_ _: _ture remains below that of vaporization. Under these conditiona the maximum

: _

' • !]
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diameter will be somewhat greater than those given in Tab!c 2. A m!v-ro-

meteorite of the size given in Table 2 reaches a n_:ximum temperature at a

height which i_ app_oxiraately lO km above the bcZ,'_ning height of cometary

met,_ors. Tee particle decelerates k-apidly after attaining _m(imum temperature

and soon reaches a terminal velocity. Micromet£orites smaller than those listed

in Table 2 are decelerated more rapidly, and reach m maximum temperature at

higher heights than those given in Table 2.

Several methods have b___n used to collect micrometeorites. Sticky pJ.ates

have been exposed at ground level in dust-free regions. Microphones have been

carried on high altitude rockets and satellites to detect the impact of small

objects. The most direct method, and the one that is perhaps less subjec.t to

contamlnat.ion and misinterFretation, is the rocket-borne co]lection and recovery

technique of Hemenwa_ and $cberman (1962). A :;ullector rocket was fired from

T,_hiteSands, .%_ewMexico_ on 6 June 1961, reaching an altitude of 168 km. Several

space layers of Mylar .:ollwere exposed to determine the rate at which the foil

was punctured. Several types of collecting surfaces were also exposed to trap

the mlcrometeorites upon impact. Extreme care wss taken to avoid the possib-

ility of terrestrial contam'[nation. Before launching, all collecting surfaces

were coated with a thin film o' nitrocellulose film. The collecting s_rface_

were shadowed by an a_omic beam both before l,_unching =nd after recovery, so

that extraterresrriai particles could be readlly i4entified.

4

i
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TABLE 2

-- Micrometeorlt e die_eters

Velocity Height of maxI- Maximum dlamet_r, (Microns)

-I) mum te_-_ersture(k_usec (kin) Density - S Density = 0.3 gm cm

15 92 38 380

20 96 18 180

: 25 t00 I0 I00

_:, 30 3.03 6 60

3 4¢ 108 3 30

_- 50 113 1.4 14

60 117 0.9 9

70 I:!0 0.6 6

l 2""

\"

)'

O

Z_

-_',,
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Millions of partlcles were collected during approxlu_tely 200 seconds of

exposure but, of course, only a sample of these particles could be investigated.

in general the particles could be divided Into three types as illustrated in

Figures 2, 3, and 4. Figure 2 shows what was term_ a "fluffy" particle, very

irreEular in shape and open i't structure._ During its interaction with the

atmosphere, a particle of thls type would necessary exhibit a low effective

density. A loose aggregate of this type is remarkably close to the physical
/

characteris£1cs derived for cometary meteors fzum photographic, studies, _ Figure

3 shows a more compact object that, llke the particles in Fig 2, b-s not melted

during deceleration. Figure 4 shows a small spherule and the crater that it

formed in the aluminum coating on nitrocellulose film.

Note that the typical particles shown in Figures 2, 3, and 4 are well / '

within _he size range of micrometeorites as given in Table 2. The particles _

umst i_sve arrived at the collecting films at very low ve!octiy. For example, _
%7

the sphere in FiEure 4 did not carry sufficient energy to puncture the thin "_-_

nttroc_.llulose film that back._ the aluminum layer. This indicates that the

i particl_ were falling With e.ermlnal velocity in the atmosphere _a_d is further .,L_

confirma_:ion that the particles are micrometeorites.

Hemenway and Sobermar. glve the observed flux of particles on the collecting

surfaces of the rocket as a function , " the size of particle. To ob':aln the

true influx of mlcrometeorltes it is necessary to apply a correction for the "

velocity of the rocket. It is assumed that all particles were falling thro,,_h

the atmosphere with terminal velocity and that the flow of particles in each /
,J

size range had reached a condition of steady state. Under these conditions _[

the observed flux would be the true flux if the rocket were stationary. A
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correction factor was then applied to al!c# fo_ the vertical motior of the

-3
rocket. Assuming a mean density of 3.0 _n cm we n,ay represent the flux by

the expression

lOgl0 N = 12.43 - 0.39 loglo M. (4)

%

The cumu]a£1ve flux, N, is the number of par'_icies km-2 year -I with mass greater

than or equal to m gm.

Equation (4) was found to hold for particles with diameters up to .)..5

%

microns, corresponding to a mass of approximately 10"13 gln. A£ this diameter

a pronou,_ed change appeared in the gradie':_tin the ,mass d[strlbution, and the

value agreed with that of equttion (2) within the limits of experlmenta[ error.

" Thus it is reasonable co presume that the regime o_ .cc_eta_y meteor_ extends to

masses as small as 10"13 Em. As iur._her corroboration, note tha_ the absolute

value of flux at I0"L3' gm is in agreement with the absolut'e value determined by

extrapolating the photographic data. It is also in fair agreement with the _lux

determined by microphone imlPacts. (Dubin and McCracke. 1962) Hemenw&y and

Soberman (1962) attribute the change of slope in the ,ass distribution to the

effects of radiation pressure acting o_, the parci,_.lesIn interplanetdry space.

The extraterrestrial particles were examined _it|l an electron micro.,_cope,

which yielded the photographs in Figures 2, 3, and 4, _[ndividual particles

_f

i< were examined by 8n electron diffr. .>n technique to test for crystal structure.

: An elec'ron probe was used to excite X-ray fluorescence to detecmine the chemical

' i
constituents. One or two particles were subject to n_utron autivation to _earch

_ for spe_-ifle elements.

_ The majority of the particles showed no detectable cryst_l p_tterns. The

Ii reason for this hrs not been establlshed, al_hough various possib_liti_._s suggest

g,

_' _. _
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themselves. The small particles formed in interplanutary space m_y be com-

pletely amur_bous; the p_i_les _my be composed of a multitude of mine1_als

in micro-crystalline form; the parr.i¢les: although originally :rystall_ne_

may be. heated sufficiently to destroy the crystal structure durlng passage

through the atmosphere. Of these suggestions, perhaps th_ second is the most

likely. The fluff]y fragments show _vldence of being composed of microscopic

_-15
particles with individual masses of abuut [u gm. If _-_,_,_p_..~__es r_-

presented a hundred or more different min__vals_ then no crystal pattern would

be detected. Approximately one micrometeorlte in a hundred does show a definite

diffraction patteln. These exceptional particles c_,ntain a predominant mineral.

Although several crystal spacings have been determined, the nature of the mineral

h_s not been identified,

#

Most of the micrometeorites _xamined do show a crystal pattern when the

particle has been vaporized in the electron beam and recondensed on the ad_olning

film. The most predominant diffractio_ pattern observe4 corresponds to three

possible cyrstal structures - austeni_, taenire, and copper. It has not been

possible to decide which of these possibilities is correct, although it should

be noted that taenite is a well-known constituent of the larger r_eteorites.

The electron probe and neutron a¢,tivation shox,:the presence of the following [
p

chemicals: AIj S_., Fe, Ni, Tf_, Ca, Mg, and Cu. The abundances vaTied from par-

tlcle to particle althoush &lum.',num,sillcon_ _nd iron were frequent constituents.

Tner_ was a possibility that the _luminum and copp.r had been introduced as con-

tamln_mt s.
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The flux showu in Figure I represents a re_Islon of the estimates given

i,i: by Whlpple (1963), and covers a greater variation of mass. The physical char-

acceristics of the proJectlle are given as a functlou of mass, and the population

_"' ray be conveniently divided into the four regimes - ir_'t_,stbnes, cometary meteors,

and micrometeorites. The results, and our ,:urrentknow!...-.geof penetration and

'_i: craterlng, ca_ be us_d to estimate the damage s_stalned by a space craft. For

,.,'-_. example, Eerrm_nn avd Jones (1962) have shown that the depth p of a crater, form-

,._;_.; ed in a semi-lnflnlCe target by a projectile of mss_,m, is glveu by the semi-

_-,_!, . empirical relation

,-_' ml/3 01/3 0_2/3 02/3 i/3_:, p - 1.70 lOglO (1 + 0.25 Pt v_H'l) (5)

._.. where p is the density of the projectile, PC _s the density of the target,

_ V is the t_pact velocity and H is the Brunell hardness. F_q,mtion (5) is given

_V
_. in cgs units. A thin plate of thickness P will be punctured if (Whipple 1963)

i, P < 1.5 p. (6)il
_i! At the large end of the mass scale of the meteor population tne problem is to

";,_. calculate the probability that a surface will be punctureA during flight, At
+:,i,
,,;,,,_, the small end of the m_ss scale the problem is to compute the rate of erosion of

,_i., the surface caused 5y many successive impacts.

, ,_, As an example, the Probability of coillsion for Project bpollo i_ also given

, _,:: in Fig_re°l, The probabilltle_ are based on an estimated cross-section of I0 m ,

, '_,_. and an e_posuce time of I0 days. The probability of collis_on wi_h e stone or

_?, "iron meteorite ,'strivially _nu_ll_although, of course, the effects of impact

'i_ would not be so trivial if they did occur. No _pace craf_ could be designed to

, _ wlth_aud _he cata_trophlc effects of collision with a meteorite. At a mass of

]965005879-]22
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10-5 gw the probability of collision is 1.0. Acccrdivg to the impact theory

this _.s sufficient to penetrate &nal _minum skin of thickness 0,05 cm if the

meteor density is 0.4 and the velocity is 22 km per s_c "I At a mass of 10"12

gm, l:he Apollo vehicle will suffer 1010 collislonc, This will produce approx-

-2
_.mately i000 erosion pits per mm ,

in using equations (3) and (4) to estimate space damage several factors

havreto be borne in miud. It has been suggested thet the spat,-d_,_s_ty of

p

micrometeorites decreases as one proceeds away from the vicinity of the earth _ z

(l_Ipple 1961)_ although there is stil! some uncertainty in the result (Dubln :_

and NcCracken "1962). If • dust cloud does exis: in the vic£nlty of the earth, ,_

then the flux given £n F_uat£on (4) may be considersbly reduced in deep space,

o ,'!i
The miccometeorites detected _y rocket were ashamed to be failing _.th terminal _

velocity. Thus, s satellite movixa8 through the layer of m£czometeorites will

tend to sweep up partictes at a rate greater t'han that given £n Equation (4). _

The flux will be increased epproximately by the ratio of the veloclty of the _.

space craft to the terminal veloclty of the micrometeo_ =es. For both micro- ,

me?eorites and cometary meteors a certain amount of shielding is preduced by \ _

the earth itself. The value of N in F_uatious _3) an_ (41 is reduced, although i_

never by more than a factor of 2 £or a randomly oriented space cr_ft, _,,_

_,_

,g

,_,_

"t

"_ •21
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By

Robert E. _ourdeaL

Netlonal Aeronautics emd Space Administration .<

_trai At_ sphere :,._'-

a

The decisions as to the mechan'Lsms governing the characteristics of <_

./

ionospheric ions and electrons de_end heavily on our k_nowledge of the ion- ! _

izing radiations, the absorption a.rldionization cross-sections of tL,a ::.
I

ionizable constitue_its, and of the struc"_,'e of the neutral ac_sphere. The:

imp(_;_ant at_msph,_ric structural parameters are t_-raturej composition and / /sJ!_

dens!:y. Rocket grenMe and pit_:t-_tatic-tubc experiments conducted _n _ :Tv)

international scale have contcibuted si_nificsntly to refecence atmospheres °
/

below i00 km end have recen_tj reviewed by LaGcw and Minze_ _0). '

Unfortunatel_, because of relatively few direct measurements, mo._els

of nautral gas parameters above I00 km depend heavily on theoretical aFpli- "

c,,ti_n of the hydrostatic l:,w to assumed boundary conditions at uncertain i

altitudes of diffusive separation. There is general, theoretical agre_nent

that maximum heating occars between I00 and 200 km while above this level

conctuction keeps che temperltcre at a nearly constant level fu_ any geo-

era;hie locatLon. A typical vertical temperature distribution 5_) is illus-

trated in Fig. la. A theore_:Ical me,el of the fractional composition of the 'j

,:Lb _
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a_wosphere below 500 _m is il.us ..... . in Fig. lb. This model is proposed i

hy Johnson 3_) who empbaslzes the uncertaiDties involved From the stand-

point of the physics of the lower ionosphere one cr'i,._alll/need_ to know

, (5_/2)
tile ratios 0/02 and 0/N2. According l:o Schae.er , the e_,r!y rocket rf

' .•- (42) ......(473

_ss spectrometer U/u 2 results of US- and u_r.- b_v=s_.i_atora are sub-

ject to question because of the high probability of surface ,eccmbination

effects within th_ instruments. _chaefer obtained a r6tio for 0/02 of 0o5

1 at Ii0 km by use of a rocketborne ma_,senfilter. According to LaP;ow and

Minzer _), thi_ result agrees with chat deriveJ from u!t.;aviolet absorption

al 3_ ,measurements by Hinteregger kb_-) and Kupperian et and that these results

together can be expe-'ted to ehsng,...'_omemodel atmosphere; markedly.

Harris and Priescer _-_) have propoeed a time-depenfent model atmosphere

assuming time invariant boundary conditions at an assawed altitude for diffusive

................wh _-h_eFmration, "-_"v ....•........ have not yet been veriF.ied experimertally. In Fig_

2a are illustrated their curves of the altitude depenJenee of mean _)lecula_

weight at the diurnal extremes for both solar maxJ:_u,nand soldr minimum co'1-

ditions. These curves infez the variability of the thickness of ['he helium

' the existence of which w_s first suggested by Nicolct (-4'4)region in the exosphe: ;_ - o

It generally is agreed frog, _.'atellitedrag determinations 2_'3-_6'46) tP,at _em-

• peratures in the isothclnnal alt'Lcude region (abe,re 200 kin) exhibit a large

diurnal and solar cycle variation and that ther;e can be related empirically

to the flux of decimeter radiation observed a'- the earth. Th_ tcm_poral thermo-

spheric temperature variations i,_ferred by Harris and Prieater are illustrated

in Fig. 2b _nere the indices of dec!meter radiation S = 250 and S .= 70 corre-

sports recpect!vPly to solar maximum and mic.imum conditions. Superimposed on

these are _'27-day" and semi-ar.nual fluct_,ations, the latter leading to the
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N

suggestion (3_0') ,f . ,_econd=_y heat source associated with the sola'c wind.

Althou_b the genera[ shape of the temporal variation of ther_L)spheric tem-

perature apT,ears to be al_reed upon by workers in refer_r.e< _ _no_,pheres, _t

should _,e 7ointe@ out that a direct measurement by French inveE, tigators oi

the neutral gas temperature with the use of a rocketbo_-ne sodium release

experiment l_!) exhibits a v_lue higher in absolute magnz.tude than r_Jst ref-

erence atmospheres including that shown in Fig. 2b.

_atelllte drag determinations have yieldc_d conslde_able information on

atmospheric density above 200 kin. The Pmrris and PrLester density model which i
e

is illustrated in Fig. 2c for an altitude of 600 km is consistent with these

previous.l.y det&rmlned results. Direct checks of densities deduced flom sat-

ellite drag measurements have been made by press._re gages flown on the Sputnik

3 and US 5_) satellites. Density is perhai_a the best known neutral gas param-

eter for altitudes above 200 km.

D Region Electron Densities Under quiet Solar Conditions

Spaceflight observat_0n:_ made during the absence of solar flares show that

the three most probable ionizing agents for the r_id-latitL, de D region (50 - 85 kin)

O

are cosmic rays, Lyman o (1215.7A) and X--£adiatior, (2-8K). /he Lyman G er_.ergy

flux (3-6 e£g cm "2 sec "I) is relatively constant with solar rendition. Measure-

menls made principally from US I_) and Britis|l ,/_4(!)satellites show that the X-ray

,.,nerg_/flux_ on the othe_ hand, is extremely variable (Fig. 3).

_heoretical modeb; are harmonious in chara,:terizing the region below 70 km

as one produced by cosmic rays and containing _,,high negative ion density (n)o

However, _here is some discord in the hypotheses for the formation of the 70-8_

km re[',ion, some models 4_3'4_5) preferring the action of Lyman _ radiation on
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nitric oxide_ a trace --o_stituent, to the ionization o_ the major at_,osphei t._ I

• consti tuent s by X-rad_ ati,._n(4._8).
i

Electron density (he) profiles for the "quiet" D region have been measured i

froln rockets with rf probes Ly USSR invest_Bato_s (-)-_)and with a Faraday rotatiom

technique involving transmission frc_,,_the ground to the rocket cf a /_ Mc/8 signal

by a ream'of US-Norwegian investigators _'" o Yne iaLt_, .....,=_,._* (=,'._g.A_.._ nuice.

consistent in _he 70-85 '-m with that obtained _) in Canada by g[ound-based methods.

% In their discussion of the resu1.1: illustrated in F_go 4, t|,e investigators em-

phasi;.e- (a) that the electrof abundance in the re Kion believed to be produced

by cosmic rays is higher thn.n uheoretieal expecLation" (b) that even :,sing

fluxes typical 4._ a d_sturbed sun, X-radiation is insufficient!y energetic to

dccount for the observed ionizati.on at altitud(s between 70 add 85 km (theoretical

curve II); (c) that the exverimental electron density profile is better fitted

by the Lyman c_ hypothes{s (theoretical curve [); and (d) that the minimum iD
%

electron density at 83°5 km which coincides with the mesopause is possibly due

to either a decrease in the NO 6.,ncentration or to attachment of electrons to

dust whose existence has been de_£cted at this altitude by rockets flown tn

DRegion Ion Densities

There have been preliminary experimental att_m_pts to describe the ionic

(/,4,27)
characteristics of the D region by Japanese --- and US'---"--'--'--)workers,

(12505460

using different techr, iques but e].] invol_h,_ d_rect samplin_ cf the rocket's

envzronment. The need for additional theoretical work t,_ permi,t translation of

th_ measured ion currents into meaningful geophysical parameters st altitudes

• (27,60)
below 90 km has been emphasized by some of these investigators'--- . This

i
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precautionmry statement applies throughout :.he discussion of Fig, 5 which

summarizes those positive i¢,_ldee.';i_y(n+) pr:li]es reported for the e_tire

D region. As with the n values in Fig. 4, all three profiles show a higher
e

n+ abundance thea_ tILeoretical models for the cosmic ray-produced regio: below

70 h4. The order of ma_itude difference in the profiles at altitudes 70-85

km would not be expected from data presumably obtained ruder similar soi_ uu,

ditior •_.

Ion densities measured by Japanese workers are not included in Fig. 5, only

because they do not _xtemd below 80 km_ At 80 Pen, their spread of values brack- °:

ets _ippie_s result. Between 75 and 85 ks, the n+ value& reported by Whipple *

agree within a factor of 2 with the n values from Fig. h, This in turn is in /e

qua%itative agreement with the theoretical D region models of Nicolet and Aikin _4-_5)
a

and of Whitten and Poppoff _e_)°-which claim a negligible n shove 70 ks. On the

other },and, tl:e model of Molar _4"_3)contaln,J a ratio of J.0 for n /ne at 70 km

which would be more consi3tent with the Smith and Sagalyn ezpecimental n+ pro-

files, It is obvious that more work is required to (a) brir.g ti_e t_'_ "e_ical D

region models into closer agreement and (b) deteLmine if t**,ew:de spread in the

reported n+ values i_ real or represeuts the need fec r_ _n_nent of the experi-

mental techniques _

The DJsturbed D Re_icr

There are ready pne: Jmcna w_...., enhanc _ D region ionization and a _ u *

increase elect£o_aaF,e_c wave attenuation. The measured degree of n enllanee-e

sent for di:ferent t}_,es of events is illustrated in Fig, 6. The measured quiet

su_ _,rofi'_,._ irom Fig. 4 is included for comparis:)n.

i
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$i_d_a._eoL, sly _rlth _.he appearance of a s-lar flare, radio absozption

is observed in th_ _ ceg_on o_, the sunlit side off e cart.i: for periods last-

ing up tc approx_.m_:'el._one hour (Sudden Ionospheric Disturbance}. It is

possible to z_s_-ribe the: Increased ionization to abnormally hiP_b X-ray fluxes

_Ich _r.-" cb_"e_-_---fr_-__r.-_.ek.p_ql_ _t extremely low D region altitudes. An
l

.. e_pirica,_ c-_rreia=ion has be_ found !_') betwe_ the occurrences of radio fad>.-

eu_s and the _i__es when the X_ray flux (<SA) measured on the GREB satellite ex-

2xi0-3 " 2 -I ;: r.ee4ed s critical value of erg cm" see . So I. D. electrcu density

profiles have not been measured from rockets, P_.wff_er,a prQfile (curve C)

: _ - : illustrated in Fig. 6 _s obtained experlmentally: at _he time of a 2+ fiare by

Belrose and Cetiner _) u_ing g_'0un:d-b_sedmethods.
.

_ The Influ _- of energetic prctons at auroral latitudes during solar flares

prod,ces enhanced ionizati._n (Polar Cap _sorption) unique to this latitude

legion. Rocket measurements of the n profile during a 0.CA evc_.t are limited
_ e

":2

.1 to the result (eu_e E :of Fig. 6)-of Jack_o_ and Kane _) obtained dt.,ringthe

: _ early pl,ases (3 db ab_orptior, at 30 Me/s) of the e_e_t by use cf the familiar

L _ $eddon CW p_opagat_on experiment,,

A_ high latitudes, the D region frequently is characte1"ized by aurcral type
r

absorption. A£kin and Haler _) h_'e trc. 'ed thi_ phenomenon thecreticaily,
t

i att_ibuting _he en_ce_ ionization to di;e.ct (_bo_e 70 '_n) and indirect

(bremsstrah'lung below 70 kin) effects of penetrat._g _=orgetic el.ectrons. Their

theoretic_l ._ro£iles _re i_ apprc_'_mate agreemen,: with _he reeker resul= (curves

_ B and D in F_g. /,_)cbtained under varying degree_ of _uror_l abcorpt,_.onby a i:eam

-of Danish _nd _rweglan Investigators(32) _,_c .sed ground-,_o-roc<et propagatioe
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D Region _lectron Collision, LFreque_cie_

Together k_Lth _.he existence of _z ;e electrons, the inherently high

electron collision freq,,encies nmke =he D region the most %_portant ionm-

spheric sub-Jivision fro= the standpoint of radio absorptir,n. The ea:ly

rccke' e!ectz_n c_|!_ ._on frequency measurements of I_.ane(3_5) now have bee,_

, (32)
supplemented by the Danish-Norwegian v)or_ers "== from the FERDINAND rocket

program. In their surmnnry (Fig. 7) of the. overall results, the latter suggest

that their data and thac of Kane possJbly can be separated into two group= to

illustrate a seasonal _ffect.

Solar Radiation Intensity in the E and Lower F R_

Significant =ontributions to the ph_?sics_of the E and lower F regions have
#

resulted from rocket measurc_nents of solar _JV intensity._ These data tend to

e_.piain qualitativel_ tl-e general characteristics of electron density profiles

measured in the lower ionosphere. Two such n profiles, one obtained by the_J

Japanese ,aith their resonance pcobe _)'-and the oth_/ by a CW propagatior, ex-

periment _ are shown on the r_ght-band side of Fig. 8. These profiles confirm

earlie r rocket measurements in showing (a) the high n gradient which constit_tese

the base (85-100 Pan) of the E region and (b) that the lower daytime ionosphere

is characte_i?ed by a monotonically increasing electron densiLy rather than

distinct ,layer separation between the E and F regione.

l{interegger and Watanabe 2_) have conx.,onl_tly classified the fcrmer's solar

radiation data into four groups. The altit:ude dependence of the flux of the

strongest feature in each group is illu_trat¢_ in the left-hand side of Fig. 8
o

as followa: C III in the __nO I027-911A, the Lyman _ontinuu_: in the bm_d 91i-
o

796A, He I in the oL_d 630-465A end He II I_ the band 370-2_OA, Th_ d_scus,'ion
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which follows is principally their interpretation of the relative i=@orta_._ze

cf _V r_diatinn to ionization profiles such as those shown in Fig. b.

Only the region below 120 km is dominated by a single group (I027-911_>.

This is evident from the depth of penetrat'_on of C Ill shown in ?i8. 8. Hint-

: clogger =,,_--_u......._h_._co,_elude that absorption of C III and _ Ly-B-(I025.7°_ is

O

more effectl-e _han that of soft X-rays (!O-170A) to the ion: zation of the I00-

120 km region. Other inve_tlgaters insist that soft X-rays "o_,_rise the domlnant

?

+:- source of ionization at these altitudes. Of the two _J_- l!_es_ the base of the

E region (below I00 kin) i_ dominated by H LN-B although oth_:r investigators

- addltioual ly include 30-I00_ X-rays.

:. Above 120 kin, the three r_aining ED'V groups (911-2_0A) each contribute to

_ the electron production. The superposltioning of the contributions from each

:- group is such that no "lay.ors" of the simple Chapman type would be e_)eeted in

_ the lower ionosphere, a conclusion verified b_ the relative smoothness of the

_ measured electron density profiles shown in Fig. 8.

_,¢-

[, Ion rroduction and Abundance in the Lower Ionos_2r__e

:; Watanabe ¢j%d Hiuteregger 5_) have combined roc_'.etdata on UP fluxes with an

assumed model atmosphere to infer the altitude depend_nce ,.:fpbotoionization rates
J

-,, as a _unetion of wavelength (Fig. 9a) and of the rates for production of individ-.

: + 0+ +
, ! uS[ sDeCleS 0_,_ and N 2 (]Fig. 9b). They emphasize, in view of the uncertainty

in our knoi,ledge of atmospheric composition as discussed briefly in section I.I,
c

p

":,"_ that these cu.ves are suggestlve rather than quantitatice.

.)/._ Some iudication of a few of the important lower ionospheric reactions has
<,

i:_'__- evolved by a co=_azison of such inferred production rates with the results from

:_ UsQ3,5?)' _:i: rocketbprne ]on spectrometers obtaioed by --_ and U$SR 2<_) workers, These
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results agree in identJ fying the three most abundant ions below i00 km es

0_ _"
z' ?;0" -rand0+ wi=h the latter becoming the most abuna_nt above this * " '

Typical of tb'se data is the mid-latitude result 5_/) P.hown in FiE. 9c. The "='-

+

moot likely explanation for the idemtification of N2 as a tra,-e ionic con-

stituent even though its rate of production _s high is its c.orrespondingly

high d_ssoclative recombination rate (N;+e-_N'_N").. The existence of _O+ as

an imporY.ant E-region ionic constitae_t even though it is not directly produced =

is probably explained, by ion-ato,_ Interchange, gpe=ific_l!y O+*N2-_NO++N.

The Diurnal Behavlor. of ,the E Re_ion --.=

The recent introduction into rocket e_perime_tation of ion and l.angmulr -\..2

pr.obes with their h/gh sensitivities permits our first insight into the diur_'_l

characteristic of the E region. Some of the Japanese 4_!) 5_4) -:
f

n+ and the US ne /

_esul1:s are collected in llg. 10 to illustrate this diurn-ll behavior, Both

groups concur in classifying the daytime E region ns relatively smooth with no -'

sig_ifi<,_nt valleys of ionization. More importantly, their %_rk together identify _:;

the nighttime profiles as having ,".onslderab!e irl:egulari=ies suF,eria_posed on a

deep ne valley which tends t_ separate the E and F regions. These valleys are
l

readily apparent at altitudes above 120 km in FiE. I0. Confidenc_ in these data

comes _rom the agreement which th_ Japanese obtained between their ion probe and

n determined by their resonance probe in the daytime ionosphere and from a si-c

multaneo,_s co_arison 5_) for a daytime condition of the resul£s from the:

Langmuir pcohc and a propagation experiment.

Another contribution Irom both sets of experiments has been a_ditlonal d_- _

scription of the ioniz_tIun characteristics of the sporadic-E or Ks, layer, an

:5

i
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example of which _-:" is spawn in Fig. Iio Layers as thin as 0./+5 k_1 with

a horizontal dimension of at least 72 km have be_m detected. Ionization

e__hancements of up to a factf)r of I0 above the average E region densities

hnve been measured. Some of the prevailing theories _'61) to explain
S

ionization suggest that iD the presence of a ..oagnetic field, transport to-

ward the South on the low side of a wind shear and toward t:heNorth on the

h_gh side of the shear would result In concen_ratlon of the plas_-_ at the

altitude of z.__rovelocity. However, t|.ese hypotheses have not been yell-
%

fled by the results from near]y-s_multaneous latlnchings of two rockets,

one to measure wind shear and the other n e. The results _5) illustrated

in Fig. 12 instead show that the E layer detected at I00 _m is associateds

with an East-West shear in which the motion is toward the East below the

i-yet and toward the West in and ab_e the layer. As the results show,

the relationship between E-reglon ionization and wind shear is not obvious.

l

-'ketMeasurements of F/ectron _d Ion Densities Abo'¢e the F2 Peak

,Most theoreti_'al models exp!zin the fDrmatioD of the F2 peak as the

result of competition between production, a height dependent loss rate and

diffusion, with diffusion predominating above the F2 peak. Early _-ocket

measure_ents of n above the F2 peak were made by Grlngauz (2_0)and
e

_ernin_IQ-q).

Signlficr_nt interpretations have come flom upper ionospheze profiles

obt_.ined more recently. Scale height changes in such profiles have been

interpreted mostly in terms of changes in ionic =ompos'ition. Hanson 2_2-_2)

:[ has _ugsested from a daynlme i_,n density profile obtained by Hale that

v during 1960 the predominant _oni _.constituent at altltude8 between 1290

]

9'

a Z

,i

i
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and 3400 hu was Me', c_nfiIming Nicclet's suggestion that helium is an

important cc,nstituent of tile exosphere. From this same profil:, it also

was suggested that (Te+Ti)/2 was con_tm]t with altitude with a va!ue cf

1600°K, whe)'e T and T. are the electron and isn temperatb_eSo It hase 1

sin_e been sho%_ the'" the two transition levels separating the 04-H%

and tile He+ -}{+ regimes exhibit a large diurnal and _olar cycle variation,

This is illustrated in Fig° 13 which _ontains 8 comparison of experimen-

tally-obtained day and ni_t profiles. Curve B obtained by Bauer and

Jackson _) has been interpreted by them aa correspoDding to a value for

(Te_T?/2 of 1300°K epFroximately constant with aiZitude with 0+ pre-

domlnan_ below the apparent transition level and He+ above. According to

Donley I_'_ , the experimental profile is consistent with a theoretical
¢

model by Bauer {curve A) and thus a much lower altitude of transition from

heavy to light ionic constituents, the resioD just above the F2 Feak coy-

respo_dir_g to 0+ with (Te+Ti)/2 _ 800°K while the extreme upper portion

corresponds to H+ aith (To+T!)/2 also approximately equal £o 800°I'.. Most

of the rocket profiles extending to high altitudes ha%e been interpreted

in terms of an isothermal ionosphere in diffusive equilibrium. These re-

suits were obtained at restricted latitudes m%d during the middle of the

._oiar cycle. Other data discussed in succecdin_ sections show that the

concept of an upper ionosphere in diffusive eq:%iibrium with T +T. con-

st_nt with altitude does not _xaetly apply in all latitude and temporal

cond itions,

Rocket Measurements of Electron T_perature

The it_tez'relationship of electron (Te) , ion (Ti) and neutral gas (Tg)

i
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temperatures is a sensitive and important index of reactions taking place in

the ionosphere, Existing theoretical argumen_.s i_/,23) for the midday ionosphere

8qg_est large departures from temperature equilibrium in the 150-300 Pan region

but smallez temperature differe_ce_, iu the E and upper F regions.

Some _i_i_ude profii_._ u" T LLU,..........a_= =,a_a_1 k1_ .._.._.'_r_cket _li_ht___ of the
e

' 15'..
Japanese resonance probe _) s,:_ from the work of Brace and Sp_meer l[_'who used

'-. en ejectable symmetric Langmulr probe. The early resonance probe results were

%:._efirst to show that temperatuze equilibrium could exist in the E region _-3),

These. particular results were obtained almost simultaneous!9 in time w._th one of

the s_uraetric Langmuir probe flights. The results of Br,:e and Spencer are sum-

o. marized in Fig. 14. The quiet day Wallops Island results are i.. good agreement

AI

with ',.'heJapanese E region d.ota and the entire profile is con.31stent with the

theoretical models of Hanson _2-3) ard Dalgarno et ai (l-z).

The remaining three profil=.s represent conditions where signlficm_t de-

postures from temperature equil'.brium can be expected at all altitudes, specifi-

cally under disturb_ conditions at mld-latitudes and at high latitudes for both

q,iet and disturbed conditions, high E region electron temperatures also have

, been observed with the Japanese resonance probe _). Although the data do not

:_ exte_Ld well above the F2 peak, three of the T profiles in Fig. 14 do suggeste

thaL the charged particle temperature is net always isothermal In this region,

fac_o£ which would con_llcate the interpretation of eleczron density profiles

"' in L_rms of Te_, T i or ion mass_.s. _%s discussed in a succeeding section, this

conclusion is supported by Alouette satellice and g_ound-based baekscatter re-

suits.

!
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IONOSPHER£C RESF_R_4 RESULTS FROM SATELLITE F/PERIMEqYS

Satellite Measurements of Electru-_ Temperature

Extensive elecE_on t_nperature measurements have been made on two

satellites. A diurnal variation of T (Fig. 15) apptlcable to _gnetic-e

oily-quiet days (A <15) durin_ November 1960 has been obtained fro,,,the
P

Explorer VIII satellite on the questionable assumption that T is indep-e

eadent of altitude. Bourdeau and Donley "Ik_}"sunm%arize the results as

follows: (a) the average T obtained betweea 400-600 km during the six-e

hour period centered at midnight was 60_eK with a standard deviation o_

150°K; (b) the averag_ T obtained at altitudes betwee/l i000 and 2AO0
C

km d_ring the six-hour period ce_ered at 1300 LM_ was 1600°K with a

standard deviation of 200°K; (c) the most pronounced feature_ of the
I

data are the high values observed in 5he sunrise period at 600-900 ha.

In Fig. 15: these data are compared with the lla_ris-Priester T model
g

corresponsinB to the same epoch of the solar cycle.

With the benefit of a tape recorder, even more extensive measurements

were made in the region 400-1200 Icm during April-June, 1962, by British

_nvestigator8 6(_) with the use of the Ariel satellite. Their preliminary

results which also a_sume an altltude-independent T are compared wi_h thee

Narris. Priester T model in Fig. 16. Because of the large q_,antity of data,
g

Willmore et al _) have been able to show that T _ncreases with latitude an_
e

thus suggest that corpuscular radiation becomes i_ortant at high latitudes.

Satellit_ Measureme_,_ts of Ion Composition

Ionic composition L_s been measured with high resolution spectromete_:s

on the .qputnik 3 sate!lite q2-8) ano with spherical retazding potential analyzers

i
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on the Sputnik 3_),'_ Ariel _=='(6%%,and Cosmos 2 satellite _'(p]:,and with planar

retardir,g potential analyzers _r the F_plorer VIII satellite I(!_'14). These !

results are generally consister ,+ with each other and with Bauer's suggestion

(6) that the upper ionospheric composition is strong]y dependent on atmcs-

pheric temperature° This behavior is ill_ strated in Table i.

TABLE i. SUMMA_Y OF _ATXI_ITE ION COMPOSITION RESULTS

Altitude: Altitude:

Date Time Spacecraft n (He+)=n (0+ ) n (H+)=n (He+ )

1958 day Sputnik 3 > lO00km >lO00km

1960 day Explorer VIII 1200-1500_m _lSO0km

1962 day Ariel 95Okra >1200km

1960 nighttime Explorer VIII 800km >1000hn

1962 nighttime Ariel <6501_ 1200km

1962 nighttime Cosmos 2 570hn

It is seen from the daytime results thst the level where 0+ ions gives way to

He+ ions descended from above 1200 km no below I000 km going from solar maximum

to soi_.arminimum. Under nishttime condition.s, the O+-H¢+ _ramsition altitude

descepdcd from 800 to about 570 km between 1960 and 1962. %t should be noted

that the detection of He' and H ions now has been accomplished with a rocket-

borne _igh resolution specErometer 5_').
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o

Local '_har_ed Particle Densit Z Measurements fror,i Satellites

Lon densities have been mt.asured on satellites with spherica](_-_)and

planar ]_3'2--[)ion traps. Additionally, Sayers et al_!)obtained large qsan-

titles of n values by use cf an rf impedance probe ou the A_iel satellite.
e

Their most significaTt result is the detection of enhanced ionization which

f3]low particular magnetic shells definud by a ........................

McIlwa[n notation. The_ report enhan,'ement for L = 1.27 +_05, l.Oq Jl .05 and

approximately 1.75. Similar stratification was subsequently found in the

Alouette sat_ilite results discussed in the succeeding _z_lon. These "ledges"

of iou!zat_i also indicate that in the topside ionosphere the electlon density

do_ not alwa) "_ decrease expomential]y with altitude in a manner consistent with

a vertical diafusive equilibrium d]stribution_

i
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Abstract

The geometry of the nmgnetosphere and the dynamics of energetic

particles and plasma trapped withSn Jt are discussed in relation to

some problems cf geomagnetfsm. Local acceleration of trapped parti-

t

cles is discussed, a_d the possiblr_ origins of electric fields and

their roles ir_ thls and other rm_gnetospheric phenomena are noted.

It is found that mal_y phenomena cf interest may be newly _,_Iterpreted

in ter,,:so_ the original C_spman-FerraL'o theory of geomagnetic storms.

Ae knowl ed_ment s

It _s a pleasure to record our indebtedness to Drs. Louis

Henrich, and Eo C. Rav in connection _ith this wol'k.

*Any views expressed in tbi_ paper are those of the authors.

They should not be interpreted as reflecting the views of The RAND

C_rooration or th= official opinion or policy of any of its govern-

men,a! or private research sponsors.
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I__t_Introduct io_

Near the earth, many n_tursl processes appear to be domi_dted

by the geomagnetic field. In recFat years, discoveries and obser-

vations _ade by artificial satellites and _p,_c_ probes have greatly

extended ou_ knowledge ._ these processes° The proliferation of such

observa[ions has i_ fact greatly strained our ability to interpret

phenomena in the l;ght r_f theory_ Thls situation is by n_ ,e_Ins a

new one in geomagnetism. For mJre tham h_if c cent_,ry, _on_spheric

rest:arch of i_nportance to radio has been clesely linked _o that _f

(l)
importance to geomagnetism. A_ e_r_y as 1883, Ealfour Stewart

suggested that ionized regions of the upper atmosphere might be the

site of upper air winds blowing tc produce varying electr*¢ c,Jrrentc,

ca_,sing changes wi[h time in the geomagnetic field. The possi.bility

that L_ore than one ionized region might be involved arose in the

co,,rse of the further develop,tent of Stewart's dynam,_ theory of the

(2)
geomagnetic _Tariations. The cause of the ionized reFions was

though: to be _ave radlationo In addition, contributions of solar

charged particles to the ionization at levels near 100 km was d_s-

cussed by Birkeland (3) in his studies of the au; _ra]-zone el_ct;ic

currents causing geomagnetic bays. He found that these electric

currents muse, on occasion, exceed !,000,000 amperes, and _e,ce

require a considerable flow o_: ionized partiLtes wjthIL-_the atmos-

phere. He also undertook experiments tn which he propelled electrons

"Iwithin an evacuated chamber toward a small nmgr,etized te.reL a simu-

lating the earth magz,et. These experiments provideu photographs of

, illuminet¢.d features on the ter_eila and of ring ¢,'rren_s at nigher
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levels, whzcJ_ furnished graphic aids of i.rlspira_io:_,i impor_iance

to theoretical workers in geomagnetJsr.. _nd aeronomy over the 60

year period treat follo#edo The concepts i_troduccd by Birkeland_

though ba,_e(1"ipon experiment_ [n ptasma physics, were discussPd

in terror;of partlcle physics., The fi'_id concept of p;.asm_ physics

had not yet been brought forwald, though flew of electric_.'land

magnetic energy as effluvia do'_r,_geo_'_g_;ctic field lines h_i been

postulated tn rudimentary form as early as 1693, ir discussions

of auroras, by Halley and _,ther_, It is therefore clear th'._ some

early studies i_ geomagr.etism provided fundament#l cont_ib_tions

to ionospheric research° Since some geomagnetic time _,ariations

arise from varying currents flowing in _'heionos_,here, and _re

d_amic manifestations of the ionosphere Ln motion, measure_nenLs

of the geomagnetic variations supplement the inforw.qtion obtained

ires ionospheric soundings° Of eo.urse, most of our knowledge of

the ionosphere has come from the expio_atien of the _onosphere by

means of radio waves, propa&ated both upwards from the greund and

downward f-om earth satellites r_)ving above° Ionization has also

been measured directly by rocket-borne h_struments, The discovery

of the Van Allen radiation belts and their suhse,",le_t exploration

by artificial sate_!it_s and space probes added a new dimension tc

the problems of interest t_, geo_mgnetism. The interactions between

tne ionosphere and trapped energetic particles came to be recogni?ed,

a:_d the. electromagnetic effects of energetic plasmas i,_edded in the

geomagDetic field present]y play an important role in theoretical

studies of geomagnetism _n'Jthe ionosphere°

i
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.: It will he the_ aim of the present p%per to summarize a_ discuss

_ our current m_erstand_ng of a f_-w selected aspects o_ geomagnetism_

'-._!= Eote is first take,, of _he soiar stream_ of Chapman and Ferraro (4) or

iv!- of these superl>os_l in time and _oace, constituti_]g a aolar wind. (5'e)

,.-_. The inLe_acelcn _f a solar _gresm with the magnetosphere is next dis--

ct.

._]- cussed, with special a£.eP.tion to injecti0Ta and acceleration of solar
_-

;;!-: stream plasma algag the boundarv of the me_g_etosphere. Contributions
%9."

:_': of hydroveagnet.i_ shock waves to ghe energy of the particles in the

_-_ magnetosphere are also very' briefly noted following Dessler ._anson

and Farker, (7) _ern, (8) Ke!!ogg, (9) m-d c._hera: Tbe precipitation of

_[- particles into bi_ _atitudes to produce radio blackouts discussed by

_f_.:- Wells, (i0) AgY, (U) ._akura,(12) Matsushita, (13) and others, is mentioned

•_:_S- together- with the auroral and electrojet theories cf Martyn, (14)

}i Negate, (15) ¥ukush:ima, (16_ Kern, (17) Fejer, (18) and gwift. (19)

, _.. _" "': Associated mo£tor_s of the ionosphere, especially the _-reeion ,
are hated along wltl_ pulsations in the geomagnetic field and co_jugate-

_!_ • .. _ point _henomena. F-region effects on maRnetically quiet days will also

_ be noted :with particular refers.nee _o-the studie_ of Ratclif_e. (20)
_--.__: : _ (21)

_- _ Hir.=no and M_.eda, - ._and others; included will be some remanrks on

dyna_w-I:heorles of _he E-reglon. There also were el,fly sugg_s._lons by

Vestine (22) and _:,if(23) that the d)_%a-_ theory or fluid mechanles of

"'_-: the. ma_letosphere might, glv_ rise to magnetic di_turb._qce_, through

-" separation of charge by ionospheric m_.-.ionssuch as zonal winds, with

_'_= a Consequent generation of electric fields and accelerations of par-

ticles in thepolar ionosphere. .Vestlne also sugges*_ed that hydro-

magnetxc waves migh_ be propagated within solar streams from sun to
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earth, event, ally producing effec=_ at ground level. (22) Th,e

hydrcmagnetic treatment of _agr:etospheric phenomene is also noted

_ollowing Axford en_ Pines. (24)

II_it___C_o_netic_ and lonosphe_-i_"Disturba:_es A,_scciated With

Solar Strem;_

it is well Lnown that disturbances at icnosFheric levels, such

as magnetic crochets and solar radio blackou_.s a:e often successfully

linked to solar flares. (25) It is also well kncwh that other ionos-

pheric disturban,ces, end geom_:eti: and aur:_,ra[effects appear a day

or s- after a s_Ior flare. This time inte_al corresponds to the

travel times o i particles of a few hundred electron volts between

the sin and the earth. .During great solar flares, protons and other E

particles with energies approachit_g ter_s of billions of electron

volts are known to arrlzre at ionoi_pheric levels. These produce

polar radio blackout-_, which appe_-" a n_.a_ber of days each year. On

occasion, particles presud_bly of solar _rigin have penetrated to

ground level, even at t'_e equator, where the energy requirements

for penes.ration are extreme. These spectacular effects of high-

energy par=icles, thoug_ very interesting, contribute a nmtch small-

er total =nergy than do th_ lai'ge _umbere of lower energy particles

impinging on the ionosphere, The latter are thought of as having

acquired energy in or near the active solar regions in some manner

not yet understood. Until recently even low energy particle_ incident

o_.the atn_osphere were tho_,gPt to come directly from the sun. Rut

tee energy flushes of such low energy particle_ measured within the

terrestrial atmosphere exceedz -hose expected from Lhe results cf
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space probes outside the magnetosphere; therefore, a mechanism for

• accelerating particles within the magnetosphere seen,s necessary.

Particles sun): as those observed over some months by l_riner II in

its flight to Venus hay@ travel times of about a day between the sun

, and the earth, and the particle fluxe_ resemble (though not in de-

tail) the solar outflows postulated long ago by Chapman and _erraro. "

!iI. The ¢hapman-Ferraro _hheo__._

Figure ! showg an idealized solar-stream conslsting of ions and

electrons with temperatures of a few tens of electron volts inter-

_cting with the geomagnetic field, as imagined by ebb)man _nd Ferraro.

The particles in the 6_reammo_e radially outwards from the sun, and

successive faces of the stream are shown. The interaction of a solar

stream with the magnetosphere is shown again in Fig. 2. £he geo-

magnetic field and its contents are compressed, and the solar stream

passes by on sil sloes. It was suggested that particles might enter

the _agnetosphere on the day side at two singutar points, one in high

northern and the ether in high southern latitudes. The figure also

, shows electric charges distributed on the boundary on the night side.

This charge di_tributlon will give ri_e to an electric field within

the magnetosphere. Crossed with the upward directed field lines ofb

the terrestrial dipole (_t the equator), such an electric field would

drive particles towards the earth and into the magnetosphere and

radiation belts. We shall consider this charge distribution l_ter

in connection with the results of Explorer XIV for electron fluxes

in the nighttime _gnetosphere.
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Since some nmg_etic disturbances are measured at ground level

every day, streams of varying density and particle e,,ergies are

probable. Thus, =olaf streams mast be considered as irregular, and

their _nteraction_ with the magneLosphere are probably nonlinear :

even for the initia] phase of a storm that was %orked out analyt-

ica]ly by Chapman and Ferra%o. This circumstance has been discussed

by Parker, (5) Obayashi, (26) Elliott, (27) Rossi, (28) and others,

though _Ithout much analytical detail because oL the inherent

difficulty of the problem. A subntantial advance in information

that confirmed some details of the early t_ork wss provided by th?

information on interplanetary p!a,=mas and fields obtained aboard

Explorer X, (29) and subsequently by Mariner II observations berveen

(30)
the earth and Venus, reported by Neugebauer and E_yder_ Fig,_re

3 shows a quiet-day pattern of magnetic field lines for a 300 km/sec

solar wlnd. (31) Both the front of a solar stream and any magnetic

fields carried radially ou_ward by the stream become spiral in form--

a consequence of the 27-day solar rotation. Consider a single fil_ment

A, which we regard am a region of enhanced density in the general plasma

flow from the sun. As it overtakes the earth each 27 days, it will

increase the compressior on the magnetosphere, within which dJsturb-

ances that resemble olle another in some respect will recur every 27

days. A model of this kind will explain recurrence tendencies for

ionospheric sturu_s, geomagnetic d1 sturb_nces, and aurora at roughly

27-day intervals. A possible simple 27-day recurrence ef this type

near sunspot mini_mm is shown in Fig. 4 for six solar rotations from

September 1943 to February 1944. (32) The l_rge pulse enduring about

i
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one hour near midnight, if assumed associated with a density increase

such as for A of Fig. 3, would i_p_y a highly persistent an_ stable

Zeature of the solar wind -- a narrow filament. The advancing face

of A at the earth will move wit5 an angular velocity depending on

the rate of solar rotation, and the distance r from the sun. If the

filament passes the earth within an hour (neglecting ti.me constants

of effects due to the stream filament), we can estimate its cress

section d. Taking the solar rotation period to be 27 days = 648t

hours, d = (1/648) x 2 _, x 1.5 x 108 km _-1.5 x 106 kin. This small

filameat thickness is much less than a mean free path in the inter-

+
planetary medium, so that preservation of such a filament would

" require a remarkably stable structure of the: strpam.

The arrival at the earth o_ high-energy particles from great solar

#

=; f:ares is often _ssociated wit_ a Forbush decrease in galactic cosmic

t )L_

_: rays. This decrease appears to be brought about by a change in the

(27,33)
_ dlstribu_!_n of the interplanetary plasma and magnetic field.

IV. Rsp_etosphere Bou_

_ The calculations of Chapman and Ferraro relating to tP,e boundary

_ (34,35,36)
_: of the magnetosphere nave been extended by a number of workers,

; who used various simplifying assumptions. Figure 5 shows results based

-""' (34)
on calculations of Spreiter and Briggs for a dipole magnetic field

_ inclined to a solar stream. A distribution of charge is shown on the
.h%L"

....- boundary in _ig. 2, in accordance with the Chapman-Ferrazo theory or

_::,; 1933. More recevtiy Chapman and Ferraro have considered that a deeper
j,

_" pex_etration by protons than by el_.ctror,s is expected at the boundary,

_" resulting ovly in a charge separation c_nflned to the boundary.
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/
Any actual distribution of electri _ charge, _uch e_= that shown • i/

tentatively in Fig. 2, will ciearly affect charged parti:les within

the magnetosphere, and will influence the locat:'ons and intensities

of ionospheric current syste_ns. 1:he distribution of charged particles

in the tail of the n%agnetosphere _'ili depend directly on the con-

figuration of the resultant electric fields. Figure 6 shows recent

results of Frank, Van A/Inn, and Macagno (37) on the flux densities

cf electrons of enar_y grea_ er than 40 ke_ observed on Explore_ XII

and Explorer XIV. Note that there is a dearth of cnergetic electrons

beyond abou_ C earth-radii. In the abse_ce of p_rtlcle sources, _he q_
L_

direction of E x B drift can be inferred to be such ae to give an $:
o?2
.%-

earthward velocity E/B, sweeping particles from the central region of

the tail. The magnetic moments of particles will be conserved during -:;

such E x _Bdrift, so tha_ as the particies ale driven earthward into 2_

a stronger magnetic field they are also acceleraPed. ;_

It seems necessary _o suppose that, even in a steady state, plasma

sc_uehow crosses the magnetospheric boundary from the solar stream, per- _.,

haps due to unsta._ ripples arising in the boundary far out along the

tai]. (15) "_- .,,aportantl{.eln_oltzInstability" of a plasnm moving in _

contact with a magnetic field _-s conslder_ by Northrup, (39) who showed

thac growing irregularities niight occur, Des,let (40) has suggested that

the sunward boundary of the magnetosphere is stable. Far out along the

nighttime boundary, however, it seems likely that fluctuations in the ;_

solar stream should give rise to ex@onential 8rowth of irregularities

in the boundary, much as in the case of auroral cu..ains and arcs dis-

cussed by Kern and re,fine, (41) Disrupted irregularities or flutes
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might remain inside the magnetosphere a_ plasmoids. Such pJasmoids

• will participate in any g_eral patt=rn of E x _ drift motiou. Some

_ymove earthward into a stronger magnetic field. _l adiabatic heat-

ing of such plasmoids by compression will follow. Loss of energy from

th_ wi!l contribute to the ionization of the pola_ ionosphere, as has

bL_n remarked by Hines.

Fi_ire 7 shows the polarization o£ plasma moving in a magnetic field.

In an external electric fleld, _ x B atilt motion leads to a polarization

exeotzy canceling the elec=ric field inside the plasma. (42)

V. Dynamics and Pe_tig_!_Aaceleratiou in the MaK_netosphere

Recent observatlous of the solar wind, made by Mariner If, have

failed _o show energetic electrons in the quantity required to produce

auroras, an4 insufficient energy fluxes to produce the polar current

(37)
systems of geomagnetic disturbances. Since measur_u_ents were made

%

to Venus, and therefore survey _a=h of the region near the earth'_

or%It, it seeu%s necessary to invoke a ma_letospheric mechanism that can

accelerate a part of the existing charge_ particles of the exosphere. The

alternative posslbility of accelerating particles by an atmospheric process

has been co,aidered by previous studies, without finding a workable mech-

, anism. (17'A3) It has, An fact, been suggested years ago that dynamo effects

in the ionosphere might contribute electric fields of interest in this

) connectlon. (22'23) In recent )ears these atmospheric f!uid-mot_on _on-

cepts have been applled in considerably greater generality to the whole

magnetospheres assuming energizing to ensue under the infldence of the

impinging solar wind. (24) The generation of fluid motions by interaction
!

of a solar stream with the magnetosphere, hydrodynamic waves (shock waves)
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within so_ar streams flowin E from sun to ea_:th, and the hydremmgnetlc

=sp_cts of s£orms, are discus.'ed in the detai_ed studies by Dungey, (44)

Piddl _gton) (45) Parker, (46) Dossier and Psrker, (47) Cole) (6) and _ as

has already Geeu noted, in the cot_rehensive statements of Gold) (48)

and Axford an6 _ines. (24) Even earlier, the fundamental concept of

magnetic fields frozen into plasma seems to have arisen from sto_n

/

theory in wl,rks of Ferraro, and later by Alfven. Because of ex£reme

analytical difficulties, many of the various suggestions cap.not readily

be tested by specbfic and _etailed calculations as was done =or the

Initial phase of storms 5y Chapman and Ferraro. Accordingly, it

appears likely that major clarifications of the magnet=sphere --

Ionosphere interactions will follow rocket, satellite and space-probe

measurements of particle fluxes, fields, and composition of the upper

atmosphere and magnetosphere.

There have been recent suggestions regarding the acceleration of

particles, using concepts of fluid mec}.an_cs. One of the more interest-

ing approaches is that of acee!eratiag charged particles by hydromagnetic

shock waves within the magnetosphere. (7'8.23_42-51) fhere is today some

<Jncertainty respecting the role of shock waves in producing more than

the sudden commencement of storms, because the various space probes have

not disc,_vere4 sufficiently accentuated wave fronts ef otential shock

waves inside the l_gnetesphere. However, the description of the sudden

(4)47,48,50,51)
co_uencement as a hydromagnetie shock wave remains cogent.

!

The processes of acceleration actually operative are of considerable

interest to radio workers, because particles are _resunmbly dumped from

above &nd into the ionosphere. According to Kern, (17) the interaction of
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• distr_.b,.Llons of energetic trapped particles so that electrons and ions [

%eparate (due to gr,dlent and curvature drifts in the nonuniform magnetic

field). Such charge separation in the trapped radiation give_ rise to i
}

• electric f_eld_ in auroral regions. As shown in F_g. 8, these drive the

eleetroJet8 of bays and cause dumping of trapped particles that produce

radio blackouts in high ]atltudes such as those described by Wells (I0)

and other_, These points have also been discussed by Fejer, (18) and by

Cole_ 6)

:i" The resulting electric fields in the E-region of the northern hemi-

• sphere will necessarily have a conjugate pattern in the southere nemisphere.

,_ The driving _mf's, whether north-south or o_herwlse_ must act acros_

- segment of the ionosphere as shown in Fig. 9, due to Fejer. (1%) We see

_- that the electric driving forces produce conjugate electrojets at both

:" auroral zones, a point noted earlier by Kern and Vest£ne. (41) Since

mlrror-point heights usually differ above conjugate northern and southern

poln£s Joined by a geomag_letic field line, aurora ma_ appear at one stntion

and not at it6 conjugate. Also the ele_trlc conductivitic_ may d_ffer in

the two hemispheres, so that a weak bay in one hemisphere may be accompanmed

, by a strong bay in the other. In the same way, radio blackouts may appear

strongly in the h_;,isphere where m_rror points are low near the electrojet,

, and _oL at all in the other hemxaphere where mirror-point heights are more

elevated above ground leve_, This situation also applies to the flux-

tube d>mamics of Axford and Hines_ and should be considered In discussing

the effects of interchange motionv in th= _gnetosphere.
!
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Various suggestions have appeared suggestlng Lhat electric fields

assist in loading new p_rt1_les into the Van Allen radiation belts,

Chapman. (51)e.g., _ee Veetine (52) or Akasofu ana _n fact, i_ at

• (53)
leost one theory of magnetic storms due to A!f_en, _t is shown

that many details of 1_gnetospheric DheEomena can be explained by

using electric fields, A1fven inmgined that motion of solar streams

across the solar magnetic field gave rise to the _equisite electric

field_ in the vicinity of the earuh. In _he foregoing discussion on

the resJlts of _<plorer XIV_ we have also noted the possibility Df a

broad sca£_ electric field, based on Chapman aud Ferrarc's calculations

of the charge distribution at the magnetospheric boundary.

A few cc_mments relating plasma flow to electric fields in the

magnetosphere see_ appropriate, Axford and _ines (24) note that the

fundamental equation governing the motion of a low energy plasma in

the magnetosphere is E + _ x B ffiO, where losses and conduction in the

_onosphere are neglected. _e can derive E from a knowledge of [ and

in a hydroma_%etic medium. The only quantity kno_a_ in even its grosset

a_pect8 i_ the main-field dominated term B, and as Fejer has remarked_ (i8)

in the outer magnetosphere B is dominated by the presence of currents in

the boundary a_d hence becomes difficult to include in a quantitative

theory. It is clear that the boundary ,:onditions for the charge yield-

ing _ are uncertain. The eharg_ distribution described _n III seems

able to supply a distribution of electrons resembling that of Vqn Allen

and his colleagues, But the electron flux distribution co_tld, in

principle, be slpplied by other charge dlst_ibutions. Foz example, the

Axford and ;{ines circulation sho-_n in Fig. i0 can be adopted and the
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charge distribution drivin_ it can be inferred. This in general y_eLJs

_xce_ cl_r_e inside [he magnetosphere, and also req,_ires co_is_deration

of the nonur.lfoi'm dielectric cons_aut of the medium and th_ distorted

configuration of the Trmgnetic field _B.

From the Chspman-Ferraro ._harge _iistrlbution_ we can construct an

oversimpJ.itied modei ot the 3upply of parrJcil, s wlth piasnm driven fo_.

ward from far along the tail ol the :_,agnetosphere. This flow forward

con_._ti__utes the primsry par6 of our "circulation" scheme, but return

flow, unless outside the magnetosphere (which would require rood_ fyln E

the boundary conditions), is not permitted. T.hus the plasma m_st be

either dumped or its energy dissipated within the magnetosphere. This

picture contrasts stronB]y with the Axford-Hine3 circulatlen pattern

for motions in the magnetosphere (Fig. !0,_.

VI_L" Conju;;ate Point an d Othe_____rrl_onospheric Disturbance Phenomena

The time changes of the F-region and E-region during geomagnetic

disturbance are of considerable interest in radio-physics because of

their importance in radio communications. It has only recently come

to be --ealized that low energy electrons in the upper F-region probably

interchange between hemispheres along geomagnetic field lines° This

means that equa?ori_l ar,omalies in the F-r_gien require in[erpretatlon

Jn terms of conjugate point locatiops, a nmtte_ ce,'_-i_tlydiscussed in

a criti¢al review addres_ by Ratcliffe. (20) A ¢onvunient chart oJ

conjugate points given reo_ntly by Kern and Vestine (AI) is presented

in Figs. IIA and B. Some features of similarity as well as dissim-

ilarity in correlations of northern and sour,horn hemisph_re station£

with _olar indices have been noted by MarianJ, (54) using noon _aiues
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c

of J.oF2 for two r!even-.year periods, 1937-1947, and 1947-Iq57, For

latituaes abe 55°N S _-_ mm.._n_aappear in linear regression eoeff_--

cents eonr_c.ting num_er density in the F2-regJon with solar parametecs. ,

There are also Jndicatio_is of a strong number-de:tsiey dependence in

the annual means of t - for nearly conjugate stations in the region
C. Z

30N to 3OSo Mariani attributes these effects to dumoing of radiation-

belt electrons with energies in excess of 40 key and fluxes of 105 to

106/cm_ sec (energy fluxes .10-4 to I0-j erg/cm2). His estimates ere

, ' _,56)
based on the meaauz-ements o_ low energy eJectron flux by O Brien _5_

t

and Krasovskli, e_ a_l.(57) Marlani does not discuss mechanisms of

dumping the particles. However, the local accel_aLion of trapped

particles iu the _gnetosphere Is implied by such dumping. Thi_ has

(55,56) VestiD.e,(56_ Chamberlainbeen indicated previously by O'Brien_

Kern and Vestine,(59) and Ve_tine and Kern. (60_ Due to the constancy

2
of a particle's magnetic moment _ = (i/2)m Vl/B, where ni is the mass

of the particle, 4nd v I its spiral velocity, the m_rror f_eld Rm

depends on the total kinetic energy of a particle. An increa_,e _n

the velocity of the par_cl_ due to some acceleration meehallism means

B must increase, _ involves a lowering of the mirror point, and
in

a possible dumping of particles. Particles F_,_ppliedto the radiation

belts by the Chapnmn-Fezraro electric field across the tail ef the earth

are local],y accelerated by _Ex B drift into a s'tronger mzgnet_c field.

Th_ lowering of mir£or points due to local acceleration may also me

discussed using the second (or longitudinal) adiabatic invariant, (59)

and other features of their dynamics _an be clarified,,
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F

due to _torms such as those observed by Jacchia (73) awi Paetzold avd

Zschoerner. (74)

An ext.ensive ser_es of papers dealing with general aspecte of

(63,75-78;79-85) °
ionosphezic stonus l_ntLe P-re$ion has eppeared.

Thes,.-results will nct be considered in detail here. The_e is, in

general, considerable temporal agreem,ent between effects noted in

the F-region _ud those in geo_agnetlc storms. Up to a height of abou _ _,

200 km, the storm effects are less pronounced. In t:_e F-reglon a

thickening occuzs on the fiTst day of a storm_ and there is often

loss o_ ionizetion later, pezhaps due to ionospheric heating, _ ,

A recent revle_ of some stor re.effects it, the F-reglon has been

give_n by Somayajulu. ('qS) He deslt especially with effects noted

during three severe magnetic storms. An interesting feature was

the n,_on_ime depression in the height of the F2 maximum of about

I00 km at Washington, D. C., on the ,_torm day_ as compared with }

quiet days; other changes are indicated In Fig. I_,. For 42 storne,

Matsushita (83) studied average aspects of th,e elect_on density N, _'

the local ion' content i_ a sTertical coiu_m o_ _rnit area, _nd the '_

e]ect_on content below various heights of the ionosphere. He ana-

lyzed these d_ta accordi_ig.to storm time and SD varlatlons at 8 _.

stations. Elecr_on-denslty profiles on bnth storm and magnetically-

quiet days were plotted against height and latltude, For the-SD

variations, most of the results--in middle latitudes seem explicable

__n terms of ele,.tric_fieids of pol_r ele_trojets, operating on the

iono_r_here .%ncombln-tion with the geomagnetic field, For the storm-

time variation, "Matsushlta found an apparent increase in ioniza_.lon ,_

)
/

,g

k _

N
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occur,ng above the maximum height of the F-region at the beginning

of the main phases of storms. He suggests that this ionization may

dif_se down the m_gnetic field lines a_d, under influence of gravity

and pressure _:adlents3 _ove to re_ons above 1ow-laritude stations,

In slightly higher latitudes a rapid decay process assccJated with

(20,84)
temperature irlc_°_scsi-..h_...,upper =-_=_f,n.___.......in ,qu_me_may..occur.

The final figure (Fig. 15), showing variations in phase height

of 16 kc/sec waves, has been discussel by Ratcliffe and Weekes. (84)

t

The effects sho_n have been interpreted _n terms of change in D-reglon

height, The figure also shows that du.-ingstorms and during the after

f_eld of storms there are nighttime changes o_ speclal interesto

i
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, Fig.2--Equltorial seetion of magnetospheric boundary

(after Chapman and Ferraro)
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Fig.3--Extension of the general solar field by
an idealized unifo_-nn quiet-day solar wind of

300 km/sec in the solar equatorial plane

(after Parker)
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Fig.4--Tracings from the records of the horizontal compoment of

the e_Irth_s magnetic field recorded at Mount Wilson, showing
portions at the 'time of slx abrupt onsets

(after Wulf and Nicholson)
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Fig. 8 -=Polarization of radiation incident in the auroral

zone and Ha].l conduct£on _ lar_electrojeC currePts

?

(eftez Kern)

|

]965005879-]82



i

1965005879-183



L

1965005879-184





• / ,_ <
,/ ..- ..i / ¢

:" . _ .- .... , jt - _.l" ,,, . .
• /': /./_ _ _ _ , _ : - ( y i_

! f i _+_+ "+ */ 3- ',

. , t- • :.. :<t _--_-" '-.:1"', -_ ...." --) 7 i '- "- 7?" -S _"_-_" , ' ,
' . '", t.--P_/ +_-_ .... -_- %-- _ ..... .

, " ...... , ..... ._.. ,,"<._'._ ;< "_. 7"_-_. ' ' '
i - ' .- / _ '""-'-A-_\,\A"_-/."_ _ i

.. . /. _ .'", . , . _,,._ , : ",,<, ,>"...,.:
+ " ",.-",' :_-_t L_q/_", /\ :\ ,' '4
-", '_ .'_'-_'4 "-i \ 2: \,/ .'_

. -. : ,'... ; .. _ ,, .,_ ," \ :
." / '7_ , ;, ' , ',.-/X >i .'

. / "'-..1,' :--T , ", ./, "/

"- / ! ' ', -"_ : -_- -m_

Norther,, himisp>ire " ?.it. , /__._.__________ ' ,' ,,'
i ""

I " / " i ,. '5f::'_,"-,'I--'-_./ "/ ""
• ,:- "/ . , _ , -._ / ". .

:, , /. _. >_--_-_-_ , -. ,, .,.. ,•,_ . ,,' ,'." ;/ ,.. , ' ,''_L. ,' ' , -- ',
:' -_ / ../ =.._ , _ .+_._.,, "/ ", _ . .._-',

.. ,_ , , /. '_:_:" ,--_.<.,: .;. ... ',
.... - / i " _ 7" '/ . _f-+- .;4..., " " ._" ' .... _ ',

f -/ .'"¢ '/. _' '..',".<"":,"" .--_' " .'.--""
i l ' "V--. / # it '_'_'/,., .'"_-',/\ ' -.... ,

'. , "_ : ', ..\-" _,..... ;_, :,x'-,'-Z'-j_ ,, , '
_._ -\ ,, I;," it" /, :1, _'',',v'- / "-4 t - , ,

) :: W-'-" \ f" , -" ,," ,'_., _ _ _.,It - 7 . ,r-. _ ' -''. I

, , ..-"./ ,/i..: / i, 5_" .'_."/- .'

Fig- lib C-rllU_ate point_ d_rlved ".,.it," _. ",... _' I : _ l.i._" \ .. ,\ ,,

/tom the art+' l'+'si'_ `:f Vestio_' an:t t / . I / -" _-- -_'- _, \ _[ "_::

so,.tll'.,,'ra }:eml_Dhere potOt_ *J_" J ' i _ _ _'''- ..... I , _L. "

Seuq het'_ hillilqefl

1965005879-186



i

1965005879-187



, \

. Flg. 13--Tha additional sunlit polar cap current
::_- pattern. Sq(SP) (Electric current between

adjacent lines ia 2 x 10 4 amp)

_,. (after Nagata)
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Fig. 14-Dst variations of the maximum electron

density of the f region (broken line) and

the h(0.9NmF) during storms

(after SomayaJulu)
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Fig,IS--Va.!iatiolls i11 pha,_e height of waves of frequency
' 16 kc/sec. Observed at Cambridge, 1956

-- (after Ratcltffe and Weekes)
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VAN ALLEN _OJ_IOt_: EXPE_ _=_ULTS

by

t

.... _. J. O'BrJ.en

: Rice University

-t

- _ !_ experh_ntal k_l,eage and:theoretical understanding of Van _!!en

z....... .= I_ ___- outer regions of the magnetosphere are _u_martzed. The

:, region our to geocentric radial distances of I0 to 15 earth radii is occupied

' } by gec_ag_e_tcally-.rapped proton_ and e!e-cr_ro._, vhose energy spectra generally

gel :_ofter further fro_ the earth. Typical electron fluxes are ._ 107 tc 108

particles cm _sec rot electrons wtth energy above ,_ 40 ke_. Typical proton
t _ •

fluxes abo_e _ I00 kev are ol the same order of magrltude. The electron

fluxes are larger temporal fluctuations than the protons, wlth p_rtlcularly

_- pronounced changes during geomagnetic _torms. The particles are trapped within
j_

the ordered magnetosphere within g_centric radial distances less than abou_ I0

earth radii, Towards the ou=er boundary Of trapping are generated inte_se fluxes

°_ of electrons ,nat cause auroras. These electrovs are too numerous to be simply

old Van Allr n electrons, l_t the interrelation of Van Allen and auroral electrons

' Is uncles-. There is no theory =hat even begins to explain the source of Van

Allen ot auroral particles.

I

I
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